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PREFACE 


I ji AVE Aimed to wiite this book in such a way that it can he read by young 
people in their last years at school and at Universities, Technical Colleges, 
Continuation Schools, etc. But, as I fdt that the subject is of interest to people 
who in the course of time have become moie knowledgeable, I have not 
hesitated to include here and there a sentence or a paiagiaph specially for their 
benefit. 

Since my aim was to consider the history of tools and machines in relation 
to all aspects of life, I have necessarily included many references to social 
conditions at various epochs. I was able to make these biief, because this 
book is pait of a seiics, other volumes of which will fill in the background at 
greater length and collect any distottiona that may arise from my brevity. 

I have chosen to intciptet the wotd ‘machine’ somewhat widely. In paiti- 
cuiat, I include in its scope the many electronic devices (radio, sound films, 
photo-electric cells in the contiol of machinery, etc.) which have been so 
prominent in this century — for I feel that, though these aic not ‘mechanical’ 
in the stiict sense of the wotd, their development does rcpiesent the modem 
form of that trend towards greater control over natuic which was earlier 
expressed in strictly mechanic.il form. 

The work had to be done almost entirely m spate time while cairying on a 
war job, and though a final revision was made duting the first year of peace, 
there was not time for as full an investigation of soutces as might be desired. 
These ciicumstances, coupled with the breadth of the field, compelled me to 
rely to a considerable extent on secondaty soutces. However, 1 have cross- 
checked my information wherever possible, and though aome factual errors 
may remain, these arc not likely to be ones of major importance. Responsibi- 
lity on LUaUets of interpretation is, of course, entirely my own. 

My thanks and acknowledgements aic due to the following, who helped 
in various ways, from giving advice on particular topics to reading and com- 
meoting on the typescript: Mr. C. E. Allen, editor of Maehimty, IVIt. E. 
Btamhill, of the Shorter Process Company Ltd.; Messts. Buck and Hickman 
Ltd.; Mr. P. V. Daley; Mr. C. Davies; Mr. W. E. Dick, editor of Discmiy; 
Mr, R. E. Dots, of the British Oxygen Company; Mr. R. H. Heindel, Direc- 
tor of the American Library in London; Mr. A. F. P. Parker-Rhodes; the 
late Afr. John Wilton; the Secretary of the Institution of British Agricultural 
Engineers and, last but not least, the editors of the series. 

Cambridge, Augfai 1946. s, i.. 



CHAPTER I 


THH FIRST INDUSTRIAL REVOLUTION 
(tile 3000 B.C.) 

The earliest men we know of made and used tools. In fact, 
man as we know him probably could not have survived 
without tools — ^lic is too weak and puny a creature to fight 
nature with only his hands and his teeth. The first men were 
of a species very different from our own. Perhaps they could 
have managed to live without tools. But only with the aid 
of the tools that these more primitive species learnt to use 
was it possible for the man of today to evolve, losing much 
in bodily strength and speed, but mote than compensating 
for this loss by developing a brain and hands and eyes that 
enabled him to call to his aid his many tools and machines 
that made him master of the world. 

For the earliest tool-using men we have no space here. We 
begin with men of the late Palscolithic Age, men now of our 
own species, living by hunting and food-gathering. Already 
at this stage men had acquired a vast variety of tools. They 
had axes, Icnives, saws, spokeshaves, and scrapers of chipped 
stone, mallets, awls and piercing tools, needles of ivory, 
spears and harpoons. They had even tools for making tools. 
They used two very important machines: the bow and the 
spear-thrower. The former is the first machine which stores 
energyj the bowman puts his energy gradually into the bow 
as he draws it, storing it up ready to be released in concen- 
trated form at the moment of shooting. And the spear- 
thrower is an application of the lever as an extension of 
a man’s arm, giving the spear a greater range. 

The transitional mesoliUuc societies that followed the Old 
Stone Age advanced yet further, developing in particular 
fishing tackle, a fine range of carpenter’s tools, including the 
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MEN, MACHINES AND IIISTORY ^ 

adze, gouge and chisel, and learning to make and usf the 
sledge and the dugout canoe with its paddles. 

But it is with the introduction of agriculture and the 
whole series of techniques associated with it that this history 
must really begin. This was the first great Industrial Revo- 
lution in man’s history, the neolithic revolution, which took 
place not much more than 7,000 years ago. Formerly man 
gathered the food that nature unaided provided. Now he 
learnt to make nature provide what he wanted. All his 
previous advances seem insignificant beside this leap for- 
ward. The story of this first Industrial Revolution has already 
been told in Volume I of this series; here we shall only re- 
emphasize those aspects that have direct bearing on the 
subsequent history of tools and macliines. 

For agricultural purposes, men had to invent special tools: 
the wooden hoe to till the ground, the sickle of wood set 
with flint to reap the corn (Figure i), the 
flail to thresh it, the quern to grind it.^ 
But a full change from hunting and food- 
gathering to agriculture as the basis of 
life could not take place without a whole 
series of auxiliary changes. The wooden 
hoe and sickle required tools to shape 
them; sometimes plots had to be cleared 
before sowing. For these and other pur- 
poses neolithic man developed further 
the carpenter’s tools that had appeared 
in the Neolithic Age, using ground and 
polished stone instead of the cruder 

primitive form of sickie, the straight reaping 
knife, appeared a little before the development of 
agriculture, for catting down edible glasses not sown 
fay man. Siroiiatly the hoc has an ancestor in the 
digging-stick of mesolithic times; while pestles and 
mortars, which had been used for other purposes 
f^g.T. Flint slckleftom paheolitbic man, were used as well as the quern 
Fayutnin Egypt. for tody cota-grindlng. 

z 



THE FIRST INnrJSTRIAL REVOLUTION 

clumped stone of his predecessors. He also added the bow- 
drill, in which the drill is rapidly driven by a string wrapped 
round it, attached at each end to a sort of bow which is 
moved back and forth. Cereals required storage and new 
ways of cooking. The game caught by the hunter can be 
roasted on a spit before an open fire, but cereals need slow, 
gentle cooking in some sort of vessel. Neolithic man solved 
this problem with pottery. 

The skins of hunted animals provided the few clothes of 
paliEolithic man. The agriculturalist had to find a substitute 
and he found it in textiles. But to master textiles he required 
two new machines; a spinning machine and a loom. The 
early spinning machine was very simple — a short stick with 
a hook or notch on one end to which the thread was 
attached and a flywheel (whorl) of stone or pottery at the 
other to ensure continuous spinning motion; and a distaff or 
forked stick to hold the unspun fibres. The spindle is given 
a twist and hangs spinning in the air while the operator feeds 
fibres from the distaff on to the end of the thread, where 
they are twisted into yet more thread. It is a simple mechan- 
ism by modem standards, yet a tremendous complication 
compared to any previous machine. And no fundamental 
improvement took place in the process of spinning till the 
Middle Ages. 

The loom, even in its simplest form of a frame on which 
the warp is stretched while the weaver’s fingers push the 
woof alternately over and under the warp threads, is a 
complicated piece of apparatus. And it did not stay long at 
that simple stage, but was soon improved with the heddle 
for separating the alternate wirp threads, and other devices.^ 

Thus, almost from the beginning of the Neolithic Age, 
man had vastly increased the number of tools and machines 
that he used. But a very rapid advance was to follow. The 

‘Textile tnachtnery is difficult to describe and its early history is often 
obscure. We shall therefote deal with it only in very general terms dll 
medieval times. 
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MENj MACHINES AND HISTORY 

change in man’s way of life was propitious to inventioi>t‘He 
had more security than ever before. The periods of leisure 
that intersperse agricultural activity gave time for invention. 
The comparatively permanent life that agriculture (at least 
in its more advanced stages) made possible allowed him to 
construct, accumulate and use equipment that the hunter 
would usually see only as an encumbrance. And lastly, man 
had learnt that nature could be controlled for his own benefit 
and had therefore acquired a degree of self-confidence that 
encouraged him to try new methods of increasing that 
control. 

Conditions were particularly favourable in Mesopotamia 
and the vailcys of the Nile and the Indus, where the periodi- 
cally flooding rivers, soon to be controlled by irrigation, 
watered the crops and spread a new layer of mud each year 
which prevented the exhaustion of the soil. In these coun- 
tries we find a great spate of invention in the couple of 
millennia before 3000 b.c. In this period man learned to 
smelt and use metals, to harness animals; he invented the 
plough and the wheeled cart and the sailing ship. These, and 
many similar inventions, laid the basis for great social 
changes which we shall mention later. 

Copper and iron sometimes occur naturally as metals, and 
men at an early stage learned to make some use of them. But 
they used them as a superior sort of ‘stone’ — a ‘stone’ 
which was much less brittle than those commonly used for 
tools and which could be hammered into shape, instead of 
requiring chipping or grinding like the common stones. 
The great step forward came when men made two great 
discoveries. First, that heating certain types of stone with 
charcoal produced copper — the process of smelting. Second, 
that copper could be melted in a suitable furnace, run into 
a mould where it would solidify to reproduce the shape of 
the mould — the process of casting. These discoveries were 
probably made in or near Mesopotamia about 4000 b.c. 
Smelting was an important step, because the supplies of 
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natuJal metals in the world are so tiny that their use could 
have no important effect on men’s lives. And without casting, 
the most valuable and important properties of copper would 
be left unused. 

Though there were in some places ‘factories’ for making 
them, in general the stone tools could be made by the man 
who used them, as and when he needed them. Not so with 
mclalj it required a highly organized system of production. 
Quarrying (and later, underground mining) required a host 
<if techniques for dealing with hard rocks, such as cracking 
them by lighting fires against them and throwing water on 
the hot surface, or splitting them by inserting wooden 
wedges in cracks and then soaking them in water so that 
they expand and prise the rocks apart. 

Then the ore must be smelted. That required furnaces 
capable of giving temperatures so high as to need some sort 
of blast. The best way to produce the blast would be by 
bellows, but these were not discovered tiU about 3000 b.c., 
so that the earlier workers had to use blowpipes or tunnels 
arranged to catch the prevailing wind. 

Then the smith had to turn the crude lump of copper into 
useful tools or weapons. The first process was casting, which 
like smelting requires a high-temperature furnace, as well as 
crucibles in which to melt the metal. Thei;e must be moulds 
of sand, clay or pottery to run it into, and means of shaping 
these moulds as required. For anything but the simplest 
product the mould must be made in two or more pieces 
which can fit together to receive the molten metal. After 
casting, the tool must be finished in various ways, by ham- 
mering, smoothing with files, grinding to a sharp edge on 
a stone, and so on. 

So it will be seen that the use of copper required many 
auxiliary inventions to make it practicable, and many 
specialized craftsmen to do the work — specialists who 
would not be producing food but must be fed by the 
community. 
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How men discovered the smelting of metal we do not 
know. It has been suggested that perhaps somebody acci- 
dentally dropped some malachite (a copper-bearing mineral 
commonly used to paint the eyes, partly as a cosmetic, partly 
as a protection against certain Ry-bome infections) into a 
charcoal brazier, and observed a few beads of copper running 
out at the bottom. Perhaps the discovery was made many 
times, and many times forgotten as useless. For we must 
remember that the usefulness of an invention depends on the 
structure of society. The use of copper, as we have seen, 
requires specialist miners and smiths, who shall devote their 
whole time to that work and therefore must be fed, clothed 
and housed from a surplus produced by other members of 
the community. Until the technical level was high enough 
to provide this surplus, it would be impossible to keep these 
specialists, and therefore impossible to use metals. Thus, 
even if the smelting of copper was discovered accidentally 
in some early neolithic society, it would have been brushed 
aside as useless and soon forgotten. But eventually with the 
gradual advance of neolithic tedmique the time arrived when 
the community could afford to keep specialists who produced 
no food — and then any further accidental discovery of cop- 
per smelting would soon be developed as a useful asset. 

The miners and smiths were not by any means the only 
specialists required to make metals socially usable. Copper 
ore was not found in the lands occupied by the advanced 
neolithic farmers, who could support the smiths and use 
their products. The ore or the copper had to be transported 
over long distances. This required traders and transport 
workers. Early neolithic communities had been more or less 
self-supporting, trade being confined to a few luxuries, 
ornaments and charms. But as the societies became capable 
of producing a surplus over their immediate needs, they 
tended more and mote to exchange this surplus for products 
obtainable only firom a distance, the most important of 
which were copper and its ores. At the same time the villages 
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THE URSr INDUSTRIAL RUVOLUriON 
tended to grow into towns containing craftsmen like smiths 
and carpenters, and later entirely unproductive classes like 
priests, kings, nobles. All these had to be supported by food 
and other basic necessities carried in from the surrounding 
countryside. Thus the transport industry grew, and as it 
grew it developed better methods of transportation. 

The sledge, we have seen, was invented in mesolithic 
times. The agricultural peoples enormously extended its use. 
Tlien, perhaps through first using rollers to ease the work, 
they invented the wheeled cart — next to agriculture and 
metallurgy, perhaps the most important invention ever 
made. Wheeled vehicles were in use in Sumcria as early as 
3500 B.C., in North Syria perhaps earlier. By 3000 n.c. they 
were in general use in Mesopotamia, Elam and Syria; they 
reached the Indus by 2300 n.c. But in Egypt they were 
unlcnown till very much later. 

The wheeled cart would not have been nearly so great an 
advance, were it not combined with another invention — the 
harnessing of animals (Figure 4). This invention is connected 
partly with the expansion of transport that we are discussing, 
and partly with another great invention of this period: the 
plough — a tremendous improvement over the hoe which 
had earlier been used to till the ground. Animals were soon 
widely used both for ploughing and for drawing vehicles. 

The harnessing of animals was the first instance of men 
using some force other than human muscles to do their work 
for them. At about the same time they also first learned to 
use an inorganic force — ^the wind, to drive sailing ships 
(Figure 2). Sailing sliips were in use in Egypt soon after 
3300 B.C., and by 3000 b.c. they were freely navigating the 
eastern Mediterranean, and probably also the Arabian Sea. 
Today the comparative comfort and safety in which we can 
live is based largely on our use of non-animal power — ^wind, 
water, coal and oil. Flere in the East, before the dawn of 
civilization, we sec the first step being taken towards out 
modem age of power. 
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To describe all the inventions of these thousand or two 
fruitful years before jooo b.c. would take too much space. 
Here we shall mention only one more, the potter’s wheel, 
which not only made possible the production of much 
better pottery at the cost of much less labour, but also made 
pottery the first mechanized production industry, the first 
step on the way to the mass production factory of today. 

Finally, let us note how closely these inventions were 
interconnected. Metals, for example, could not have been 
used without improvements in transport to carry the ore or 
metal from mine to user, nor without the agricultural im- 
provements which gave sufficient yields to allow the sup- 
porting of specialists withdrawn from primary production. 
And conversely the wheeled cart, the plough, the sailing 
ship, or the potter’s wheel, requiring, as they do, quite 
advanced carpentry, probably could not have been used on 
any extensive scale without metal tools to malce them. 


CHAPTER II 

THE FIRST CIVILIZATIONS 
(3000-1100 B.c.) 

Along with the advances in the field of tools and machines 
that we described in the last chapter, there occu<'red equally 
important advances in other techniques. For example, in the 
river valleys of Mesopotamia, Egypt and the Indus systems 
of controlled irrigation were evolved, which enormously 
increased the productivity of the land. In aE spheres of 
activity men were able to produce much more than before, 
because they had better tools and better methods. The 
savage hunter, or the early neolithic farmer, could make 
ends meet in good seasons — ^and in bad, part of the tribe 
died from under-nourishment. Now it was possible to 
produce an assured sufficiency for aU, and beyond that a 
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Fig* 3* JLand cmisport in the late Bronze Age. Assyrians hauling a gianc statue on a sledge — an of th« 

capacity of the Bionze Age civilizations for organizing large labour forces. Note also the wheeled carts for lighter loads. 
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small surplus, available to increase the comfort and luxury 
of life. But social progress did not take place along the 
simple lines of a continually improving standard of living 
for the whole population; the technical developments them- 
selves decreed a different form of development. 

The tools and machines we have described could only be 
made at the cost of a considerable amount of labour. Only 
the few men or families who had been more than usually 
successful with their crops could spare the time to make 
them, or alternatively barter a part of their surplus crop with 
a specialist in exchange for an advanced tool. But once 
acquired, the new tool gave its possessor a great advantage. 
With a plough his crops would be yet better, and he would 
in future have a further surplus available to barter for yet 
more specialized tools. This was especially tme of copper. 
It provided more serviceable tools than stone; it could be 
cast into forms which could not be produced from stone; 
copper tools lasted much longer than stone tools; when the 
edge was dulled, it could more easily be resharpened. But 
more than that, if copper is superior to stone for tools, it is 
much more so for weapons. If a chisel breaks, it means 
only a delay to make a new one. If a dagger breaks in battle, 
it means death or captivity. So the owner of copper weapons 
had a tremendous advantage in. warfare. Again, copper is a 
much more costly commodity than stone. In the period we 
are speaking of, only a few could possess it. For centuries 
the tools of the peasant remained of stone and wood.‘ 

There resulted a tendency to the accumulation of wealth 
in the hands of the few. He who was already moderately 
well-to-do could obtain copper implements or other ad- 
vanced tools. Using these, he (or his family, or later his 
slaves or serfs) could work more efficiently than others and 
gather yet more wealth, which gave him a further advantage 
over his neighbours — and so on, in snowball fashion. Or, 

rTlife is especially true of Egypt; in Mesopotamia sickles were often made 
of bronze ato zjoo b.c. 
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if he wished to gain wealth by force of arms, or to make 
others work for him, his advantages with copper weapons 
were even greater. 

From this (and many other factors tending in the same 
direction) there resulted a complete social revolution. The 
hunters and food-gatherers of the PalseoUthic Age had lived 
in an cqualitarian society of the type called ‘primitive 
communism’.^ Their wealth was the property of the whole 
tribe and the welfare of every member of the tribe was the 
responsibility of all. Some might accumulate more personal 
possessions (ornaments, for example) than others, but 
differences in wealth were usually small. Government was 
by the meeting of the whole tribe, with possibly an elected 
chief in times of stress. The tribe was held together in this 
communistic society by the necessity of presenting an 
unbroken front in the hard struggle against nature; internal 
rivalry meant failure in the stmggle, and death. The change- 
over from hunting to agriculture weakened the basis of this 
type of society; for the family, tilling its own fields, was 
capable of becoming a self-sufficient unit, and therefore the 
tribe as a unit became less important. The neolithic societies 
remained essentially equalitarian, in that land was com- 
munally owned and the fields redistributed from year to 
year among the different families. Nevertheless, it became 
possible for one family by greater skOl or greater luck to 
prosper more than another. At first these differences would 
not be great, nor would they have any strong tendency 
to grow. 

But with the use of copper and the other inventions 
described towards the end of the last chapter, the situation 
(as -we have seen) became such that any person who had 

1 We have no direct knowledge of the sttucture of any society before about 
jooo B.C., but these deacriptions, based on leconsttuction ftom the houses, 
tools, etc., left behind by these peoples and on the stmetute of apparently 
similar societies existing in modern times in backward parts, must be some- 
where neat the trudj. They are, however, much over-simplified and schema- 
dte^ as Ste the desttlpdons of the changes which followed. 
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THE FIRST CIVILIJJATIONS 
accumulated a small surplus had a great advantage in 
accumulating more. Differences in wealth and power be- 
tween different members of the community increased apace. 
Men used the advantage given them by copper weapons to 
force others to pay them tribute or rent for the land or to 
become their serfs. Having dominated local communities 
in this way, they built armies from them and went on to 
conquer surrounding districts — till great empires were 
built up. 

The process was probably a gradual one in which the 
inequalities grew slowly, but by 3000 b.c. it had produced 
a decisive change in the structure of society. The simple 
communities of more or less equal farmers had been replaced 
by states in which the vast majority of the inhabitants lived 
at subsistence level, often as slaves or serfs, while all the 
surplus product of their labours was used to provide a 
luxurious existence for a small class of Icings, nobles and 
priests, as well as supporting the civil services and armies 
which formed the mechanism for extracting ftom the 
masses the products of their work. Class-divisions had 
become the basis of social structure. 

• From the point of view of the oppressed peasant, serf or 
slave, this change would seem an unqualified catastrophe. 
But from the point of view of the human, race as a whole, 
and especially from the point of view of people Eving today 
on the verge of another transformation of equal magnitude, 
it was a necessary step forward. Though fectors arising from 
the new social stmeture sometimes held back advance for 
centuries, nevertheless the technical developments that had 
to come, in order to carry forward the progress described in 
the last chapter, would have been impossible without the 
form of organization that class-divisions produced. This 
arose, for example, from the mere cosliiness of producing 
copper tools. If the surplus above subsistence level that 
neolithic society produced had remained equally divided 
among all the members of the village, then only rarely would 
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a family have sufficient surplus to exchange with a smith for 
even one tool. But the increasing concentration of wealth 
in the hands of a few at the expense of the many enabled 
these few to barter their surplus food (or other necessities) 
for the smith’s tools, and thus provided the basis for the 
existence of the smith (or the miner, or any other speciahzed 
craftsman). And some of the technical advances that we 
shall describe in the rest of this book required much larger 
numbers of craftsmen, or the organization of large labour 
forces, withdrawn from the direct production of necessities, 
and consequently they were only possible because a few 
individuals possessed sufficient wealth (or, what it really 
amounts to, sufficient power to make others work for them) 
to be able to support these large numbers of specialists. 

Thus the many technical advances of the millennia before 
3000 B.C., not o^y caused the social changes, but probably 
also depended on the gradual increase of class-divisions to 
provide the concentrations of wealth necessary for their use. 
And the full establishment of the great class-divided states in 
Egypt, Mesopotamia and the Indus vaUey shortly before 
3000 B.c. was followed by several centuries of a great 
flowering of the various techniques. This was not such a • 
period of radical innovation as that which we described in 
the last chapter; rather it was one in which men built on 
these innovations, refining the skill with which they were 
used and increasing enormously the scale on which they 
were applied. 

But there were several important inventions. About 
3000 B.C., or within a century or so after, several important 
developments in metal-working look place in and around 
Mesopotamia. Tweezers were enlarged into tongs (not 
hinged, however, but depending on the spring of the metal) 
with which the smith could efficiently handle the smaller 
pieces of hotmetal. But large objects and crucibles containing 
metal had to be lifted between two stones or between green 
twigs. The introduction of bellows improved metallurgical 
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processes. The extremely ingenious cire perdu process of 
casting was developed. In this a wax model of the shape 
requited is made. This is then coated with clay and placed 
in a furnace, where the wax melts and runs away, while the 
clay is baked hard to form a mould. Molten metal is then 
run into the mould and, after cooling, the clay is broken 
away. Most important of all metallurgical advances of this 
period was the introduction of bronze, an alloy of copper and 
tin, which was a radical improvement on copper. It gave 
harder and more durable tools, and it made possible really 
fine casting, which is impossible with unalloyed copper. 
None of these new techniques spread to Egypt till over a 
thousand years later. 

Already the craftsmen of Egypt and Mesopotamia pro- 
duced a wide variety of articles of high quality. The copper- 
smith of about 3000 B.c. made axes, adzes, chisels, gouges, 
drills, knives, saws, nails, clamps, needles, razois, tweezers, 
and so on. The carpenter made boats, chariots, furniture, 
harps and lyres; by about 2800 b.c. he was .using plywood 
of six layers. 

The Egyptian pyramids constitute the supreme example 
of the enormous scale on which the rulers of this time could 
organize labour and the high degree of accuracy that could 
be achieved. The Great Pyramid of Cheops was built of 
about 2,300,000 blocks of stone, totalling some 3,730,000 
tons in weight, while the larger blocks weighed up to 350 
tons. Merely to reach the site, they had to be dragged up 
100 feet. According to a tradition reported by Herodotus, 
100,000 men were engaged in moving blocks three months 
of each year for ten years. With a base of 773 % feet square, 
the error in any side was less than one inch in length or level. 
As a contribution to the progress of mankind, the pyramids 
are of negligible value, but the techniques evolved for 
building them to such size and accuracy must have had a 
profound effect on all subsequent building. Only soft rocks 
could be cut with bronze tools. Hard rocks were pounded 
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with balls of dolerite (a hard resihent stone). The craftsman 
could do this in such a way as to detach a block as required 
from the mass in the quarry — a task of no mean skUl, since 
either too hard or too soft a blow will fail. Metal wedges or 
wooden wedges expanded by wetting them were also used 
to detach blocks. These were modifications of the techniques 
of the copper miners. The block was pounded into shape 
with dolerite balls or pointed hammers, then dragged into 
position on a sledge (the wheel was still unknown in Egypt). 
There the shaping was continued with picks and lastly, at the 
fine stage, with tubular drills, probably bow-driven, using 
some abrasive. The implements used in building the pyra- 
mids were the lever, the sled, ropes, rollers and sleepers (the 
pulley was a much later invention), measuring rods and 
cords, the plumb line and water for levelhng. The method of 
levelling was to run a watercourse round the work, banking 
it up with mud, and to measure down from it at many 
pokits to the level required. 

Our first reaction is amaizement that such magnificent 
results should be achieved with such meagre technical equip- 
ment. Yet meagre as the equipment seems to us, it was the 
final product of a great advance in the mason’s technique, 
and not for many centuries was it improved upon. The in- 
creased scale of application showed itself in other fields. Ships, 
for example, had reached 170 feet in length by 2700 b.c. 

Yet brfore 2500 b.c., what can be termed the first in- 
dustrial revolution of human history had come to an end. It 
was a revolution that began with the invention of agriculture 
and the techniques that came with it, continued through that 
great period of invention in the couple of millennia before 
3000 B.C., and then, with advances in skill and scale rather 
than fundamental innovations, till about 2500 b.c. But after 
that date stagnation set in, and for many centuries only slight 
advances took place. Not only did flmdamental advances 
cease for a long period, but even in many techniques where 
the basic ideas had been evolved earlier, but remained 
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Fig. 4. The ancient harness for horses. Note how the band round the horse’s thioat 
forces its head back into a position which reduces its pulling power. 
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imperfect, and where it seems obvious to us that a little extra 
effort could have produced great improvements, no further 
progress took, place till the Middle Ages. 

The ancient harness, for example, had been developed for 
use with oxen. Its main element was the yoke resting on the 
back of the necks of a pair of oxen, and the shape of the ox’s 
neck made this a quite efficient harness. It was not, however, 
efficient as a harness for the ass or mote especially for the 
horse. Yet, when these were introduced, it was applied to 
them with only minor modifications. As the horse’s neck is 
not correctly shaped to take the yoke, a band or collar was 
attached to the yoke at the back of the horse’s neck and 
passed round its throat (Figure 4). Compared with a modern 
harness, in which the collar rests on the shoulder blades, this 
was a very inefficient arrangement. When the horse pulled, 
the pressure of the band choked it, and forced it to throw 
its head back into a position ineffective for exerting its 
strength (or even to rear on its hind legs). Further, animals 
were not shod (leather sandals were probably used to protect 
injured feet). The result was that two-thirds, at least, of the 
power of the horse was lost. Again, no really effective harness 
for one horse or for more than two was evolved. Not till the 
Middle Ages did a sensible harness come into use. Till then 
horse traction was suitable only for the lighter loads, and 
heavy loads were pulled by human labour, at the cost of 
unnecessary suffering. 

The ancient plough was a swing plough; that is, it had no 
wheels, but was held at the correct height and angle by the 
ploughman. It ploughed an irregular furrow and the 
ploughman had to use an excessive amount of energy even 
to do this. It was ineffectively designed, so that it merely 
scratched the ground, instead of cutting the sod and turning 
it over, as does a modern plough. It does not seem that 
much ingenuity would have been required to fit a pair of 
wheels and improve the shape of the ploughshare — yet this 
^gaift did apt happen for mfflennia. 
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And SO also with other techniques. Until the Middle Ages, 
the spindle described in Chapter I remained in use without 
radical improvement; the steering mechanism of ships, 
which was very imperfect (Figure z), remained unaltered. 
Until the Iron Age, the smith’s only hammer was a ball of 
stone held in his hand. To quote Hngelbach,^ ‘Apart from 
atchitectural forms, it can almost be said that, after the Great 
Pyramid, the masonic cmft remained static as regards 
mechanical and technical processes until the advent of the 
Greeks and Romans’. 

The examples given will make it clear that this stagnation 
of technique was not caused by a lack of problems to be 
solved, or lack of obvious deficiencies to be rectified. Some 
of the problems may have been too difficult at that particular 
stage of progress — ^we do not expect men familiar with no 
more complicated means of transport than carts and sailing 
ships to create an aeroplane — but improvements to the 
harness, or the application of the already Jamliar wheel to 
improve the already familiar plough, were steps by no means 
beyond the capabilities of men’s minds at that time. Some 
deeper explanation must be found. The most probable 
explanation lies in the nature of the social system which 
dominated the advanced part of the world in this period of 
stagnation. We have already remarked that the appearance 
of class-divided society was necessary for the development 
of man’s technical equipment beyond a certain stage. We 
also hinted that this social structure did not ensure uninter- 
rupted progress, but at times retarded technical advance for 
long periods. It is now time to sec how this came about. 

The societies of the period we are discussing, when the 
great social changes were complete and the class-divisions 
feed and hardened, were divided, broadly speaking, into 
two classes. The great mass of the people, belonging to the 
oppressed classes of peasants, slaves and serfs, did all the 
productive work of the community, but received in return 

> In Th Ltiaci edited by S. R. K. Gi:.uiville (Oxfoid, 1942), p. 148. 
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only the bate necessities of life. The smallt'^uling class of 
priests, nobles and kings did no productive work, but lived 
luxuriously on the products of the work of others. The 
labouring classes were familiar with the techniques already 
in existence, and they had the practical experience from 
which it would have been possible to learn how they could 
be improved. But they had no incentive to make improve- 
ments, since any resulting increase of production would be 
taken from them and used merely to increase the well-being 
of their masters. Nor, worked to the utmost night and day, 
did they have the leisure required for invention. The ruling 
class, on the other hand, saw the world only from the point 
of view of consumers. Ignorant of the actual methods of 
production, they could not usually be aware of technical 
deficiencies, nor had they the practical knowledge to effect 
improvements. They were famijyiar with the art of exploita- 
tion, o£ government, of extracting the last available grain of 
corn from the peasant, and in these arts they produced many 
improvements. But they were incapable of advancing the 
tedinical methods of society. Thus, with one class possessing 
the requisite knowledge and experience, but lacking in- 
centive and leisure, and the other class lacking the knowledge 
and experience, there was no means by which technical 
progress could be achieved. 

Evidence that it was the form of society that caused this 
cessation of invention comes in a variety of ways. The 
wheeled cart, for example, had spread over Mesopotamia, 
Elam and Syria by 3000 b.c., that is by about the date at 
which the new social structure, breached a stabilized form. 
But it had not by then reached Egypt and, in spite of the fact 
that the countries are so close together that news of it must 
have reached Egypt, it was not in fact used there till about 
1650 B.C., and even then only as a result of invasion by 
peoples from lands where it was already common. It is true 
that Egypt, with its convenient internal water transport, had 
^le^s'WSseEntnecd of the wheel than other countries, but even 
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to the Egyptians it would have been a great saver of labour, 
especially on such tasks as pyramid building. We arc thus 
forced to the conclusion that the wheel was not adopted in 
Egypt because it failed to reach there before the structure of 
society became so unfavourable to innovation as to prevent 
its introduction. In the same way, bronze (as opposed to 
unalloyed copper) bellows and tongs were not employed in 
Egypt till about 1600 n.c., though they had been in use over 
a thousand years earlier in Mesopotamia. 

Yet even in this period of stagnation, progress did not 
entirely cease. The spoked wheel, a considerable advance 
on the earlier solid wooden wheel, appeared before 1800 b.c. 
(Figure 3). Light horse-drawn chariots came into use for 
military purposes. By 1600 b.c. the Cretans were using 
rapiers. After 1500 b.c. unexplained causes made bronze 
considerably cheaper. In Egypt its use had formerly been 
confined to ornaments, weapons and the tools of the finer 
crafts; now occasional metal hoe blades and ploughshares 
appeared. In barbarian Europe bronze came to be used for 
heavy and rough work — from about 1 300 b.c. copper miners 
in the Austrian Alps had sledge hammers and gads with 
bronze tips. It is significant, too, that it was among these 
barbarians, and not in the great empires, that the only really 
fundamental invention definitely known to belong to the 
later Bronze Age was made — ^the windlass, used to raise ore 
from the mine-shaft. 

But more important than this comparatively small pro- 
gress was the diffusion of Bronze Age techniques over large 
parts of Europe and Asia, which went on continually after 
3000 B.C., and made it possible for the further advances that 
we shall be discussing to take place on a far wider basis than 
ever before. 
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CHAPTER III 


IRON, THE DEMOCRATIC METAL 

(lioo B.C.— A.D. 500) 

Because of its rarity and costliness, bronze had not very 
greatly extended man’s control over nature. It never pro- 
vided any important proportion of the tools for agriculture, 
which thus remained at a level not very much above that of 
the later neolithic period (though if is possible that bronze 
indirectly raised the agricultural level by providing better 
tools for making ploughs, carts, and so on). While agri- 
culture remained at this level, there could be no general 
increase in living standards, and surplus agricultural pro- 
duction must remain so small that only a tiny number of 
workers could be spared to specialize in other crafts. Thus, 
apart from weapons, bronze provided mainly tools with 
which a small number of craftsmen produced luxuries for a 
small wealthy class. Production in general remained basically 
neolithic. Even the great irrigation works of Egypt and 
Mesopotamia were for the most part carried out with stone 
and wooden equipment.^ 

But when men learned to smelt iron, as they had formerly 
done for copper, great newpossibiUties were opened up. Iron 
is not only a superior metal to bronze for most purposes 
(expecially when the tricks of varying its properties by 
different methods of smelting and subsequent treatment are 
known), but also it is far more widely distributed over the 
earth’s surHce, so that far more people could obtain it for tools 
without having to organize elaborate transport and exchange. 
And, finally, iron is a much cheaper metal than bronze. Copper 

^The Mayas of Yucatoti (Centtal America) independently tcached a 
civilissarioA in many ways like that of the eastern Btonze Age, but without the 
use of inetels* This shows that metal is not essential to some sott of low-leyel 
dviiiisatm. 
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in 1 800 B.C., in the middle of the Bronze Aj^e, cost nearly twice 
as much as did iron a thousand years later, while tin, the 
other essential constituent of bronze, was still more expensive. 

Justwhen a generally applicable technique of iron-smelting 
was discovered is not clear. It may have been known to, and 
kept secret by, an Armenian tribe even before 2000 b.c. But 
it is from about 1100 b.c. that iron tools and weapons began 
to be used widely, in Palestine, Syria, Asia Minor and 
Greece, spreading thence to other countries. 

The cheapness and wide distribution of iron had profound 
effects on man’s way of life. At last metal tools became 
generally available to the farmer and enormously increased 
the productivity of agriculture. Before 1000 b.c. iron hoe- 
blades, ploughshares, sickles and knives were in use in 
Palestine. From about 700 b.c. iron axes permitted the 
clearing of forests and allowed a great expansion of agri- 
culture in Europe. Soon Greek and Roman farmers were 
using a wide variety of iron implements, including shovels 
and spades, forks, pickaxes, mattocks, scythes and bill- 
hooks. Shears for shearing sheep (which had previously been 
plucked) were invented about 500 B.c. — ^and were also 
applied to barbering and cloth-cutting. The greatly increased 
productivity of agriculture yielded a surplus which could 
support a large number of specialized craftsmen. The product 
of the craftsman became generally available instead of being 
the monopoly of the wealthy. In particular the craftsman pro-^ 
vided for the farmer those same tools with which the latter 
increased the productivity of his work. And thus, for the first 
time, there arose a balanced relationship between industry 
and agriculture, instead of the former one-sided relationship 
by which agriculture provided the food for the craftsman, 
but the craftsman’s product went only to a select few. 

Iron also provided the craftsman with a variety of tools- - 
and better tools at that. By joo b.c. carpenters had frame- 
saws and cross-cut saws, as well as a greater variety in iron 
of tools they had formerly possessed in bronze or stone, such 


21 



MLN, MACHINliS AND HISTORY 

£is gouges, chisels, adzes, axes, dtills, hamincis and mallets; 
augers and planes were added to this equipment before 5 o b . c . 
Smiths, by 500 b . c ., had hinged tongs, bits, rymers, chisels 
and improved bellows. They had several kinds of specialized 
hammers, in sharp contrast to their Bronze Age predecessors, 
whose only hammers were balls of stone held in the bare 
hand. After 200 b . c . specialized nail-making anvils and blocks 
for wire-drawing came into use. Many of these, perhaps, do 
not imply great inventiveness, merely a logical working out 
of the possibilities which easily available metal provided. But 
in other trades there were notable new inventions. 

The pulley, for example, appears to have been invented 
in the early Iron Age. The puUcy seems an obviously useful 
invention and a simple step for peoples acquainted with the 
wheel. Yet there is fairly strong evidence diat, for example, 
the Bronze Age Egyptians did not have it for the obvious use 
of hoisting sails, and it was certainly not used in their great 
building operations. The first definite evidence of its exist- 
ence is in an Assyrian relief of the eighth century b.c. 
(Figure 5). Perhaps this is yet another example of how the 
social structure of the earlier civilizations retarded technical 
progress; or perhaps it merely indicates that, simple though 
it is, the pulley could not be made cheaply enough for 
practical use vmtil iron became available both for materials 
and tools. Be that as it may, the pulley soon revolutionized 
the building industry. It provided a far better method of 
hauling stones into position than the Bronze Age method 
of pulling them up an earthen ramp, and then dropping 
them into position. It was developed into a rudimentary 
crane, which was used by the Greeks by 450 b.c. Capstans 
were also in use by that time, while by the beginning of our 
era sheets with block-and-tackle had appeared. 

The possibility of using metal parts in machines and the 
use of iron tools for worMng in stone and wood, gave new 
potentialities for the making of various types of machine, 
and so opened up possibilities for new inventions. Most 
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notable is the mechanization of corn- 
grinding. The Bronze Age method was 
to pound the grain in a mortar or rub 
It on a slightly hollowed stone (the 
'saddle quern’) with a roller-hke stone 
held in the hand and pushed to and fro. 
Every household did its own grinding. 
About 600 B.c. there appeared the rotary 
y.. , . „ , quern, in which the corn is ground 

Fig. 6. A Roman noise- / . , , ° 

diiven quein In fact between two circular stones, the upper 

asses wete mote com- revolving on an iron pivot projecting 
monly used than hotscs fj-Qin the centre of the lower. Even in its 
simple form, turned by hand, the rotary quern saved much 
labour, besides giving a better flour. By the fifth century b.c. 
the further step had been taken of increasing the size of the 
quern, now installed in a commercial bakery, and worldng 
it by a donkey attached to a shaft projecting from the upper 
stone and walking round and round (Figure 6). This was the 
first extension of the use of non-human power to do man’s 
work since the first harnessing of animals to carts and ploughs 
before 3000 b.c. It opened up great possibilities for the eas- 
ing of human toil. But these, as we shall see, were not fully 
utilized. The same sort of principle was also applied about 
the same time to the grinding of ore (for instance, in the 
Athenian silver mines at Laurion), and another animal-driven 
machine was used for crushing olives to produce olive oil. 
The general availability of iron tools also made possible the 
cutting of tunnels and building of aqueducts to bring water 
to towns and made many other such amenities available. It 
made possible considerable advances in the sphere of trans- 
portation (though there were no fundamental inventions 
here), by providing the means for building more, larger and 
bettershipS and waggons,andfor road-making onanincreased 
scale (for which purpose icon picks were in use by 8 50 B.c.). 

In all these ways the use of iron brought about great 
I changes in the life of mankind. The total capacity to produce 
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Fig, 7, A reconattuction of Iltio’s windmill driving a hydraulic 
oigan Iris not ctttiin thit this icc'inotruction la subsUntlally correct. 



Fig. 8. A reconstruction of Hero’s piimitive 
steam tuibine The reaction of the steam issuing 
from the noz 7 lcs causes the sphtte to rotate. 




ToSS his cucular path takes him over pait of the gtouod that has 
been cut away in the tnotiel. 
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both necessities and luxuries greatly increased. The Bronze 
Age condemned the vast majority to live at a subsistence 
level, a very few being supported in luxury on the tiny 
surplus that the many produced. In the Iron Age a much 
larger proportion of the people could have a comfoitable 
standard of living, and correspondingly the class of really 
wealthy could also grow considerably. The craftsman and 
trader could now work for a general market, in which even 
the peasants could afford their goods, instead of being con- 
demned, as in the Bronze Age, to remain dependent on the 
nobles and templc.s. At first they produced to order, but to 
orders coming from a much wider section of the community 
than before. Later, it even became possible to produce their 
goods for sale on a general market, not knowing who the 
eventual purchaser would be — as the factory worker of 
today does not know who will eventually use his products. 
With improvements in transport the market for which they 
produced could be a very d^tant one, though these poten- 
tiahties could only be fully realized in countries like Greece, 
well situated for marine tiansport. Even by 650 b.c. Greek 
exports were sold all over the eastern Mediterranean and the 
Black Sea. And as this tendency increased, some states be- 
came more and more dependent on trade, till eventually, 
around 450 b.c., Athens was incapable of providing herself 
with the basic necessity of com and depended on importing 
it in exchange for exports of her specialized agriculture 
(olives, olive oil and wines)^ and her mining and manu- 
facturing industries (pottery, arms, etc.). 

'The u'Otking up of this agttcultncai produce had a big itiflueace on the 
development of tnathineiy in ciassical times. An olive-crushing machine has 
already been mentioned. Again, in eailier sucictici which pioduccd wine 
chiefly for immediate household use, the pressmg uf grapes bad been done by 
such crude means as compressing them in a hag by twisting the ends. But for 
their extensive wine trade the Greeks developed spcdal presses. The beam 
press, after a long evolution, reached a stakibaed form about aoo 11 c. The 
more advanced screw press (like the book press of today) appeated in the first 
century b.c. 
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Such an economy, then, had in it fat mote economically 
independent people than in the Btonze Age. Bronze, as we 
have seen, had implied the centtahzation of economic power, 
and therefore also a political power in the hands of an 
aristocratic few. Iron, with its consequence of good tools 
and weapons for a much greater number, and wiA the large 
classes of craftsmen and traders, independent of the patron- 
age of noble families, led to a greater economic equality and 
a decentralization of economic power. Inevitably, this must 
produce political changes of a corresponding nature. The 
first few centuries of the Iron Age show a gradual democrat- 
ization of society (not without bitter resistance from the 
aristocrats) till by 4 50 b.c., concurrently with its transforma- 
tion into a state depending entirely on trade, Athens had a 
constitution in which there were virtually no legal differences 
between the tights of citizens. The word ‘citizens’ is italicized 
here because this democracy was limited by the exclusion of 
women, slaves and foreigners from citizenship. 

Athens led the world in this change to a more democratic 
form of society, largely because she also led the world in 
malting use of the new industrial possibilities opened up by 
iron tools. Besides contributing her share to the tcdinicd 
advances that we have mentioned earlier in the chapter, she 
was the first state to live by producing specialized goods for 
export. In order to be able to do this she also made funda- 
mental innovations in the organization of industrial pro- 
duction. At first, production, even for die export market, was 
carried on by a host of independent craftsmen. But produc- 
tion for the market can be carried on better by the concen- 
tration of several workmen within a factory, each speci aliz ing 
in one aspect of the job and all together mass-producing the 
articles to be sold. A pottery fectory, from the sixth century 
B.C. on, would often have separate specialists for throwing 
(i.e., shaping the vessel on the wheel), painting, and baking 
in the furnace. And, as Athenian industry grew, the size of 
the factories grew too. At the end of the fifth century b.c. 
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we hear of a bcdbtcad workshop emploj ing twciilj slaves, 
an arms factory with thirty-two, a shield factory with 120. 
Perhaps twelve to fifteen slaves constituted a largish factory, 
but in mining the numbers ran up to 1,000, and perhaps 
beyond. 

Note that in these later factories the workers were slaves. 
This was another new development, industrial slavery on a 
huge scale, largely replacing the former free craftsmen. It 
provided the labour for the great expansion of the export 
industry mentioned above, but at the same time it introduced 
new factors which were soon to put an end to Athenian 
progressiveness. Slave labour, while triumphant Athenian 
armies and successful pirates made it generally and cheaply 
available, was a convenient solution to all problems of heavy 
labour. It was usually simpler and cheaper to put slaves on to 
heavy work (even if it wore them out in a few years) than to 
design and construct a machine to do it. Thus, after about 
450 B.C., the growth of slavery very greatly inhibited the 
spread of the animal-driven machines that we described 
above. At the same time, since manual work and even tlie 
management and supervision of it was the lot of these slaves, 
it came to be despised by citizens. And so the type of contra- 
diction that we described near the end of Chapter II was 
revived in a new form. The slave, with no education, no 
leisure and no hope of reward, was not in a position to invent 
better productive methods; the citizen despised manual 
labour, and even despised the process of invention as being 
connected therewith, 

A second great factor which greatly inhibited technical 
advance in this period was the division of the Mediterranean 
world between a large number of tiny city states, almost 
continuously at war with one another. On the one hand this 
division greatly restricted the markets available for manu- 
facture of goods; on the other it diverted to warfare the 
energies of many men (perhaps many geniuses) who might 
otherwise have contributed something to human progress, 
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The Greek world, especially Athens, had made enormous 
advances by ^150 u.c. But now, as a result of these contra- 
dictions, the creative impetus waned, and after 400 industry 
went into decline. The contradictions were partially solved 
when Alexander the Great made his series of conquests 
which forcibly united the Greek world and then expanded 
it into a vast empire embracing Egypt, most of hither Asia, 
and even parts of India. On Alexander’s death this empire 
disintegrated, not however into city states, but into three or 
four empires of considerable size. And a new economic and 
cultural unity held all tills territory together. Many of the 
restrictions arising from the former divisions were removed. 
Commerce expanded five times in a few years. Formerly 
Greek trade was more or less confined to the eastern 
Mediterranean; noiv it reached from the Danube in the 
north to Ethiopia in the south, from India and even China 
in the east to the Atlantic coasts. Ships increased in speed 
and size, reaching even 5,000 tons, though that was an 
exception, most ships being well under 100 tons. Great 
harbours were built and canals dug, for example between 
the Mediterranean and the Red Sea. Lighdiouses were 
built, beginning with the femous one at Alexandria. 
Alexandria, capital of the empire of the Ptolemys, centred 
on Egypt, became the commercial centre of the world. 

Industry expanded along with commerce. Division of 
labour was carried much further till, for example, the stone- 
mason did not sharpen his own tools, and the quarryman 
who cut the stone did not sweep away the sand. Industrial 
slavery decreased, though only for a time, and the factories 
were run either by free wage-labour, or the temporarily 
conscripted labour of men who otherwise were free (a 
method adapted from the Bronze Age). Such conditions 
once more encouraged mechanical inventiveness, and the 
three centuries after 330 b.c. produced a crop of inventions 
greater than in any comparable period between 3000 b.c, 
and the kter MHdle Ages. 
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For the first time we begin to find fairly comptehcnsivc 
written descriptions of some mechanical matters to supple- 
ment the archieological evidence and occasional literary 
evidence on whicli our story of previous periods is based. 
The educated classes, who could leave a record of their work, 
were at last beginning to take some interest in mechanical 
matters. In theory the upper classes still despised everything 
connected with the crafts, but in practice, apparently, 
industry now held such an important place in the general 
economy that a few of them at least applied their theoretical 
training to industrial matters. Some crafts or professions had 
become respectable, too; for example, surveying. The 
division between the worker and the man of the leisured 
classes who had time and education at his disposal, which 
had frustrated advance in the Bronze Age, and again after 
450 B.c. in the Iron Age, was less clear than before. It did, 
however, remain and it tended to grow again; so that 
gradually the interests of the educated in mechanical matters 
was diverted from the invention or improvement of useful 
machines to the consttuction of ingenious mechanical toys. 
And, in point of fact, the most important inventions of the 
period were still the work of unknown craftsmen. 

Among those of the educated classes who tackled serious 
mechanical problems, the most outstanding was Archimedes 
(aSy-aiz B.C.), one of the greatest mathematicians of all 
times. By developing the theory of the lever he virtually 
initiated the science of theoretical mechanics (though but 
little use was made of it in antiquity and it did not prove of 
much practical value till its study was once more taken up 
at the end of the Middle Ages), He may have invented the 
screw pump which bears his name, and which at any rate 
came into use about that time for irrigation and for pumping 
water from mines and the holds of ships. And he invented 
and constructed various military devices for the defence of 
Syracuse, with such success (according to the tradition) that 
the attacking Romans fled in fear when any strange apparatus 
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appeared on the walls of the town. The chief military 
macltinc of Greek times was a sort of artillery using, not 
explosives, but the elastic power of twisted ropes, capable 
of throwing a sixty-pound stone 200 yards. Archimedes is 
said to have greatly improved these machines. Other at- 
tempts to improve this ‘artillery’ were made by Ctesibius 
(second century b.c.) and Philo of Byzantium (third or 
second century b.c.), the latter in particular suggesting the 
use of the power of bronze springs or compressed air instead 
of twisted ropes. Neither of these attempts was successful; 
those of Philo certainly could not have been carried out 
with the technical equipment of the times. Ctesibius is also 
generally considered to have invented the force-pump. It 
was not, however, used very widely, though it was apparent- 
ly used in fire engines and for driving hydraulic organs 
(which were invented in the second century b.c., possibly by 
Ctesibius himself). 

Hero, a later Alexandrian writer who lived somewhere 
between 100 B.C. and a.d. ioo, left treatises which described 
a large number of mechanical devices then in use. He was 
probably a surveyor and it is therefore interesting that two 
of the most useful of them were a sort of theodolite and an 
instrument for measuring distances by counting mechani- 
cally the rotation of a wheel, as a cyclometer does today. The 
latter contains a train of gearing — ^the first literary record of 
gearing in existence. He also describes pumps, a syringe, a 
fire engine, and gadgets for automatically adjusting the wick, 
oil level, etc., of lamps. But by fat the greater part of the 
devices he describes ‘resemble the equipment of the tem- 
porary fun-faits opened in shops on short leases in modern 
cities’ (as Crowther puts it).^ They include, for example, a 
slot machine for d^vering holy water, puppet theatres 
worked by falling weights, a device whereby a fire lit on an 
altar causes the temple gates to open (these had their ‘use’ 
for ovetawing the superstitious masses as a part of technique 
♦Ti# Sitiii Hthtim nfSdtm (London, 1941), p. 99. 
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of government), and things like ‘an automaton, the head of 
which continues attached to the body after a Icnife has 
entered the neck at one side, passed completely through and 
out of the other; which animal will drink immediately after 
the operation*. This illustrates well enough what happened 
when the first impetus of the expanding industry after the 
Alexandrian conquests had petered out and increasing class 
distinctions had once more cut the theoretician adrift from 
the practical problems of the craftsman. 

I'wo of Hero’s devices ate worth special note. One is 
apparently (though there is some doubt about the meaning 
of a vital word in his description) a windmill arranged to 
drive the bellows of an organ by means of a trip-hammer 
action (Figure 7). The other is a primidve reaction turbine, 
whose mode of action can be seen from Figure 8. The 
significant point is that here we have two devices capable of 
being developed into effective prime movers.^ But to Hero 
they were merely toys. The turbine merely turns; it does not 
turn anything. The windmill drives the organ merely as an 
exhibition of ingemoity. No attempt, apparendy, was made 
to apply either of them to useful work in order to lighten 
toil. True, the turbine could not, at the current technical 
level, have been made into an effective machine, but die 
windmill probably could. However, the significant fact is 
that no attempt was made, for only by trial could they have 
been proved impossible. This can only be attributed to the 
general availability of slave labour for all work requiring 
great power — while this apparently inexhaustible supply of 
human power remained, inventors saw little reason to apply 
themselves to the task of harnessing natural power. 

While human ingenuity was thus being wasted In con- 
structing elaborate toys, unknown etaftsmen were in fiict 
making inventions of far more lasting importance; and among 

‘A prime mover is att apparatus (water-wheel, steam-engine, petrol-engine, 
etc.) which converts some natural source of energy into nierh<imcal power 
capable of driving marhinery. 
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these wete important steps towards the production of really 
useful power-driven machinery. The water-raising wheel 
(for irrigation and much later for draining mines), a wheel 
fitted with pots which lift the water as it turns and pour it 
into a trough, was known in the Bronae Age, as was also, 
probably, the chain of pots, an extension of the same prin- 
ciple by fitting the pots to a rope which passes over the wheel 
but hangs to any desired depda below. They were originally 
driven by treadmills or windlasses. Sometime after 200 b.c. 
the step was taken of arranging them to be driven by oxen 
(Figure 9). The oxen walked round a vertical shaft, as in the 
rotary quern described earlier, and this was geared to the 
horizontal shaft of the wheel. This represents another 
important extension of the use of aniiiial power and is also 
probably the first use of gearing to transmit power. 

Sometime after 100 b.c. a far more revolutionary develop- 
ment took place somewhere in the Near East — ^the invention 
of the water-wheel. Men, it will be remembered, had first 
harnessed the power of inorganic nature by their use of 
sailing ships before 3000 b.c. This was the first further use 
of such power and also the first application of inorganic 
power to stationary machinery. For centuries its use was 
confined to flour-milling. ^ One of the earliest references is in 
a poem by Antipater of Thessalonica (about 65 b.c. or 
possibly a few years later): 

Ceasefrom grinding. Oh you toilers. Women, slumber still, 
even if the crowing rooster calls the morning star. 

For Demeter has appointed Nymphs to turn your null 
and upon the water-wheel alighting here they are. 

^This may not besttictly tiue, Philo of Byzantium, tefetting to a chain of 
pots, os mentiqnatl above, says ‘ the appaiatus is to be inslalled at such a level 
below the stream that the force of the water will drive the whole mechanism 
It is not clear whether Phiio is refecting to actual practice or merely to an idea 
of his own and, if the lattet, whether the idea was put into ptactice. There is 
thus the possibility that water-power was occasiondiy used to drive the chain 
of pots even as early as the third century. Mevertheless all the specific refer- 
ences to waterr-power before the fourth century a.p. are concerned with 
fiour-milUng. 
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See how quick they twirl the axle whose revolving rays 
spin the heavy rollers quarried overseas. 

So again we savour the delights of ancient da\, s, 
taught to cat the fruits of Mother Earth in ease.* 



Fig lo. Reconstruction of Vitruvius’ wdtcr-tniU. 


The Roman Vitruvius about i6 n.c, gives a description 
of a water-mill in which the power is transmitted from 
wheel to grindstone through a pair of gears, as in Figure lo. 
This tjtpc of gearing was already in use for the water-raising 
wheel described above. There is a mote primitive type of 
mill, with the wheel revolving horizontally on a vertical 

*T«m'3latcd by Sir W. M.itti3 in lfj« Osjord Utooh of Greek Verst fit 
Tramhtiett, 
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shaft, which needs no gearing, but it is not clear whether this 
type preceded the geared null. 

This invention came at the time when the Romans were 
acquiring their domination over the whole civilized world. 
The Roman economy, more even than the Greek, was based 
on slave labour. While the Empire expanded, the supply of 
captured slaves was apparently inexhaustible. Slavery was a 
more convement way of dealing with heavy power problems 
than the development of power-driven machinery. Thus 
during the period of the Roman expansion there was little 
development of the use of the water-wheel. Even the driving 
of querns by animal-power considerably decreased, slaves 
doing the work instead. (This is probably connected with the 
inefficiency of the ancient harness, referred to in Chapter II. 
So little of the potential power of the animal was actually 
effective that it was but a poor competitor of the slave.) Thus 
slavery, as always in the ancient economy, prevented the full 
application of non-human power. 

The contradictions and antagonisms that had retarded 
technical progress at various times in the Greek world 
applied with redoubled force to the Roman Empire. Also it 
is probable that the Greeks had carried technology about as 
far as could be done in an economy based on slave labour. 
The Romans, living with the same basic social organization, 
could do no more therefore than exploit, sometimes on a 
larger scale, the technique they had learnt from the Greeks. 
* The whole period of Roman greatness produced not one 
single mechanical invention of importance. 

When Roman power began to decline, when successful 
armies no longer brought in victims as slaves, a serious 
labour shortage began to appear. In these circumstances at 
last some notable development began to take place in power 
raachinery. The fourth and fifth centuries saw a considerable 
spread of watef-auDs in various parts of the Emphre. In 
the mid-fouith ceatory they appear near Rome and before the 
end of the ceftttwy in Rorneltsdf. Thus, haltingly, began the 
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trend, not to be fully expressed till the Middle Ages brought 
new social conditions, towards the widespread use of water- 
power to lighten toil. Still the wheel was used only for corn- 
milling. One solitary e.xception is on record — a water-driven 
.sawmill for cutting marble in the fourth century — ^buL it was 
the role of the Middle Ages to gcncialize the use of the 
water-wheel and apply it to a whole scries of new tasks. 


CHAPTER IV 

THE SECOND INDUSTRIAL REVOLUTION: 

EMBRYO (500-1440) 

The decay and final collapse of the Roman Empire meant that 
for a time some of the higher peaks of civilization were lost. 
Art, literature and the more formal and theoretical aspects 
of science were forgotten (except in small areas where they 
were preserved in a petrified condition until a later age 
found a use for them). Many historians of culture have been 
concerned only or mainly with these partiailar aspects of 
civilization and have therefore seen the Middle Ages as the 
‘Dark Ages’ in which ‘civilization’ had perished, in which 
no progress was made tiU, in a rather magical ‘Renaissance*, 
men rediscovered the arts and sciences of Greece and Rome 
and thereupon began a return to ‘civilization*. 

But it must be remembered that art, literature and 
theoretical science in the ancient world were the prerogative 
of a few rich and leisured men. They were not true indexes 
of the level of civilizatiqn. If we look beyond them to con- 
sider the way in wliich mankind in general lived, we find a 
different picture of the Middle Ages as an era of renewed 
advance after the long period of comparative stagnation. The 
level of civilization is to he measured, not only by its peaks 
of intellectual culture, but also by the standard of living of 
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its whole people. And the latter in turn depends on improve- 
ments in the means by which men wrest their living from 
nature — on technical invention and its application. We have 
seen that the period from 2500 b.C. to the end of the Roman 
Empire produced comparatively few inventions — so far as 
the subject of this book is concerned, the only real out- 
standing ones were a process of smelting which made iron 
generally available and had therefore a very considerable 
effect on living standards, the application on a small scale of 
animal power to certain t5rpes of machinery, and the use — 
on a very limited scale — of water-power. The Middle Ages 
began by applying very widely those techniques which had 
previously been restricted by the availability of slave labour 
and, after a few centuries, began to produce a series of new 
inventions which laid the foundations of the modern world. 

The reasons for this renewed technical progress are too 
complex to discuss in full here (even if they were now fully 
understood), but some indication must be given. The collapse 
of the Roman Empire brought also the collapse of that 
particular social structure, based on slave labour, which had 
effectively inhibited progress during the greater part of 
Grccco-Roman times. Slavery did not suddenly and abruptly 
disappear; it progressively diminished in scale throughout 
the last few centuries of the Roman Empire and the first few 
of the Middle Ages. In fact the slave supply could only be 
maintained while Rome was a strong and expanding military 
power. As her power declined, the supply dwindled and that, 
until a new basis of production was found, could only mean 
a return to a more primitive life. 

Later Roman society returned, in fact, to a form of 
organization that had existed before the slave societies 
emerged — a system of local self-sufficient units, based on 
theit own agricultural production, doing their own simple 
manufactures on the spot with little trade except in a few 
essentials like iron and salt. But such a change meant a 
reductionin the severity of class-divisions; instead of ranging 

56 



Till: SICOND INDUS! RI-VL RLVOI-UTION: LMBRYO 

ftom a ‘divine’ Emperor to a ‘bub-human’ slave, the strata 
ranged only from a serf who, while bound to the soil he 
worked, had very definite rights to a certain proportion of 
the products of his own labour, to a lord of the manor who 
was sufficiently closely in touch with his serfs to have some 
real knowledge of the processes of production. The bar- 
barians who invaded Europe as Roman frontiers receded and 
mingled with the former Rome-ruled population, bringing 
with I hem recent memories of a more nearly classless 
society, helped to complete the transition to a society in 
which the relative status of the worker was much higher 
than in antiquity. The craftsman, who never entirely dis- 
appeared and in the coming centuries became gradually 
a more and more important element of society, was in 
a position to benefit from the results of his inventiveness 
to a far greater extent than his counterpart in antiquity. 
Such changes encouraged inventiveness. 

The supply of slaves having failed, the early Middle Ages 
was faced with a severe shortage of labour. For tasks of 
heavy labour the answer of antiquity had been simple — 
many slaves. The Middle Ages had to find another answer 
and this answer had to be the development and application 
of sources of power other than human muscles. 

First the water-wheel, whose use had been so greatly 
restricted till late in Roman times by the easy availability of 
slave labour, was applied on a greatly increased scale. At 
first it was applied as previously to the grinding of corn, and 
the number of corn mills grew till, for example, in England 
in 1086 there were over 5,000 mills (probably mostly water- 
driven). That is about one to every 400 of the population, 
certainly enough to make a profound difference to the 
people’s way of living. Later water-power was applied to a 
great diversity of industries, beginning with the fulling of 
woollen cloth. Fulling is the process of beating the cloth in 
water to shrink it and so increase its density and durability. 
Formerly this was done with the hands or feet or with dubs, 
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Fig, XI. Ab advanced form of lie wetet-dclven fuBlog tnUl, 
ftom tie sixteenth centoty. 
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but from the second half of the twelfth century water-power 
was applied to the process, using the trip-hammer principle 
(Figure ii). About the same time trip-hammers were also 
applied for crushing woad, tan baric and similar materials 
and by the fourteenth cent ury for forge-hammers. However, 
a different principle was applied earlier (in the twelfth 
century) for heavy forging —that of the tilt-hammer, in 
which a heavy hammer at one end of a beam is counter- 
balanced by a vessel which can be filled with water from a 
duct, thus raising the hammet; then the vessel is suddenly 
emptied by opening a valve, allowing the hammer to 
fall quickly. Water-power was used to drive forge bellows 
in 1295, saw-mills also in the thirteenth century and grind- 
stones in the fourteenth. And by about 1450 it was in use in 
pumping^ for mines and salt-pits, winding in mines, and 
driving iron rolling-mills and wire-drawing machines. 

In the twelfth centiury the appearance of windmills made 
another source of power available in Europe. (It is not 
certain whether this windmill — more or less the type we 
know today — ^is an independent Europea‘n invention or is 
derived from a different type which was in use some cen- 
turies earlier in the East.) 

Besides wind and water, the only other source of power 
available before the steam-engine was that of animals. It will 
be recalled that the harness at the stage it had reached before 
3000 B.C. was such as to waste most of the power of the 
animal (Figure 4). Throughout the Bronze Age and Grasco- 
Roman times no improvement was made. In the second half 
of the tenth century a decisive change is noticeable in the 
harnessing of animals in Europe and by the twelfth century 
a completely modern harness had been developed, elimina- 
ting the defects that we described in Chapter II. Meanwhile 
horseshoes appeared almost simultaneously in Bj'zantium 

^The pun>p, opposed to other devices, such as chains of pots and 
Atchinoedean screws, was first applied to mine drainage sometime in the 
Middle Age^ though it bad been used for other purposes in late Greeh times. 

59 



MEN, MACHINES AND HISTORY 

and N.W. Europe about a.d. 900. Thus at last it was pos- 
sible to make full use of the tractive power of animals. This 
meant mote than improved transport. Animal power was 
also used widely for driving machinery, on lines which had 
been opened by inventions of Greek and Roman times, but 
little developed because of the inefficient harness and the 
availability of slave labour. 

These three sources of power, at last rationally used, made 
a tremendous difference to the world. Before their arrival a 
high level of civilhation could only be provided for a few, 
on the basis of huge numbers of slaves, used not as workers, 
but as sources of power, as engines. But a horse driving a 
machine with the now efficient harness was the equivalent 
of ten slaves, while a good water-wheel or windmill gave 
the work of up to 100 slaves. Athens had had about one 
slave to every two freemen. England’s cornmiUs alone in 
1086 already represented one slave to every four or five of 
the population and that was before the use of water-power 
had been anything like fuUy developed. These new sources 
of power, therefore, provided the basis for the development 
of a high level of civilization without slavery, and as they 
were developed slavery died out. 

The devisingof anefficienthamess wasbyno means the only 
major improvement in transport machinery in mediev^ 
times. From the fourth millennium b.c. to the later Middle 
Ages the steering mechanism of ships had remained basically 
unchanged. It was, in fact, little mote than an oar, such as 
was used in propulsion, somewhat specialized for steering 
(Figure 2). In the larger ships it was lashed to the stern and 
fitted witii a lever, not unlike a tiller, to give more purchase. 
All this was little more than an extension of the method of 
steering a canoe by a paddle held by a man sitting in the 
stern. It was not an effective method. Little purchase could 
be brought to beat on it and it was too easily deflected by the 
battering of the waves. For the small coasting ships of 3000 
B.C. these disadvantages mattered little, but as ships grew in 
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size the inadequacy of the steering mechanism became more 
and more important and in fact limited the size to which ships 
could be built. Attempts were made to overcome the 
difficulty by fitting several steering oars, but these were 
never really effective. Also, with such a poor steering 
mechanism ships could not sail close against the wind. With 
sailing so inefficient, galley slaves had to be used for many 
purposes, and so the poor steering mechanism was another 
factor in maintaining slavery. In the thirteenth century there 
appeared the modern type of rudder, fixed firmly to the stern- 
post, itself an extension of the keel and therefore an integral 
part of the ship. It was well imder water, free from the 
effects of the waves, and so its size could be greatly in- 
creased, permitting in turn a corresponding increase in the 
size of the ship. And it gave sufficient control for ships to be 
able to sail close to the wind. In the next two centuries 
shipping made more progress than in the previous four 
millennia. From the first sailing ships to the end of the ancient 
world navigation merely developed from sailing on rivers to 
coasting round parts of continents (with the one very special 
exception of crossing the Indian Ocean with the aid of the 
reliable monsoons). But in 1492, only two or three centuries 
after the invention of the modern rudder, the Atlantic was 
crossed. A further important improvement in navigational 
instruments was the invention of the ship's compass in the 
twelfth century, while inland water transport was greatly- 
improved by the appearance of canal lock-gates in the 
fourteenth century. A minor, yet significant, invention 
affecting local transport ‘on the job’ was that of the wheel- 
barrow in the thirteenth century. 

Naturally these tremendous changes in transjiortation had 
very great social effects. One of them, not obvious at first 
sight, was to make possible the wider application of water-, 
wind-, and animal-power that we discussed above. For power- 
driven machinery can only be used if there is sufficient work 
to do to make it economical; and that usually implies bringing 
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the wotk over considerable distances to the machine. The 
improved transport facilities of the Middle Ages made 
it possible to carry the corn to a central water-mill or the 
tree trunks to a central saw-mill. With its inferior transport 
the ancient world had to be content with more locaUied 
industry on too small a scale to use much power-driven 
machinery. Thus the development of power machinery, the 
improvement of transport and (as we have seen) the abolition 
of slavery were all closely interlinked- 

Again the new transport facilities paved the way for what 
is often called ‘the commercial revolution’, the era of great 
commercial expansion which began in the later Middle Ages. 
Within a few centuries the countries of Europe were no 
longer self-sufficient, but imported raw materials and 
products (luxuries at first, later necessities) from all over the 
world. And this was an important factor in the growth of 
industry and with it of more and more powcrflil machinery 
that we shall describe in later chapters. 

Changes in the plough revolutionized agriculture. In 
Chapter II we described the plough as it was at the beginning 
of the Bronze Age. This inefficient form, improved only by 
the addition of an iron ploughshare, remained in use in the 
Mediterranean countries till the Middle Ages. Though it 
merely scratched the surface, it was not hopelessly inadequate 
for light soils, but for the heavy soils of N.W. Europe it was 
useless. Before loo b.c. (perhaps as early as 400) the bar- 
barians who lived there invented a much more adequate 
heavy plough. This had a coulter to cut the sod, a mould- 
board to turn it over, and wheels which enabled a more 
even furrow to be cut and lightened the work of the 
ploughman by relieving him of the task of keeping the 
plough at the proper level. Successive refinements during 
the Middle Ages brought the plough by the thirteenth 
century to an essentially modern form. Another important 
new tool of agriculture was the hinged flail for threshing. 
Eitberto dijiteshing had been done by driving cattle over the 

4 ^ 



THl’ ShCONU INliUSTRIVL Rl^VOLUTION! liMBRYO 


stalks, dragging sledges fitted with stones in the bottom 
over them, or beating them with straight sticks. The hinged 
flail was a big advance which came probably about the 
eleventh century. 

Clothing is second only to food as a necessity of life: so it 
is natural that in this era of progress textile maciiincry should 
also undergo fundamental changes. Progressive improve- 
ments had taken place in the loom with the addition, at dates 
that are ill-defined, of better hcddles, pedals and reeds. In 
the fourteenth century a further improvement arrived in the 
form of a reed set in a runway for the shuttle, which guided 
it and took its weight tiff the wdrp threads. Medieval Europe 
also received from China an important new type of loom, the 
draw-loom, which allowed the weaving of complex patterns 
through an arrangement for selecting the set of warp threads 
to be raised or lowered at each passage of the shuttle. This 
type of loom first appeared in China between the ninth and 
third centuries b.c., reached the Near East by the fourth 


century a.d. and in the Middle Ages spread to Europe. 

The spindle at the beginning of the Middle Ages had not 
advanced beyond that of the earliest spinners. Now funda- 
mental changes took place, leading to the invention of the 


spinning machine. Silk, 
which is provided as a 
continuous thread by 
the silk-worm, is easier 
to deal with mechani- 
cally than fibres like 
linen, cotton and wool 
which have to be spun 
in the true sense to join 
many short fibres into a 



Fig. I z. Afoul tecnth-ccntury quilling wheel. 
The thread is being wound on to the 


continuous thread. Silk bobbin from a primitive spindle hanging 


requires only the firm 
twisting together of two 
or more threads to give 


fiom the spinster’s left hand. By that date, 
this type of whed was also in use for 
spinning, but the tjuilling and spinning had 
to be done altwnatdy. 
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Strength and the winding of these on to reels . These processes 
were mechanized at Bologna in 1272. The development to- 
wards the spinning wheel which was to be found in every 
cottage until a couple of centuries ago and which still figures 
largely in our museums, began about the same time. In this 
a large wheel is turned by hand (and later by treadle, see 
Chapter V) and a band from this to a small wheel attached to 
the spindle causes the latter to rotate quickly (Figure 12). At 
first the wheel was apparently used merely for the process of 
quilling, that is winding on to a bobbin or quill a thread that 
had already been spun on a primitive spindle. But by 1298 
at the latest the wheel was used for the spinning itself and in 
the fourteenth century such spinning wheels spread widely. 
We have already mentioned another important advance in 
textiles — the application of water-power to fulling. 

The most complex machines produced by the Middle Ages 
were mechanical clocks. Water-clocks, measuring time by 
the amount of water dripping out of a vessel through a small 
hole, had been in use from the Bronze Age. They were 
improved in Greek times by the addition of various regu- 
lating devices and mechanical connections to show the time 
by means of a pointer on a scale. And, possibly in Greek or 
Roman times, certainly among the Arabs from the sixth 
century on, there were added elaborate devices to work 
puppet shows at each hour. But the water-clock was never a 
reliable time-keeper. Mechanical clocks first appeared in the 
thirteenth century. It is not clear what regulating devices 
were first used in them, but by 1348 at the latest the foliot 
balance and verge escapement, a quite efficient regulator, had 
been perfected. It appeared in the Dover Castle dock (Figure 
13) of that date, which is now to be seen in South Kensing- 
ton Museum. There ate records of thirty-nine clocks built 
between %z}z and 5:370 (though some of them were not full 
clodcs exhibiting a continuous record of the time). Most of 
them were public clocks in large towns, often attached to the 
tathedrsd or monastery which still remained largely the 
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centre of town life. By 1500 most towns had a tower clock. 
This growth of public timepieces is perhaps an indication 
that medieval town life was already becoming so highly 
organized socially that some convenient time standard was 
c.sscntial by which all citizens could regulate their actions. 

Clock-making, even though the early clocks were large 
and crude, demanded a much higher standard of accurate 
workmanship than did any previous machine. Subsequent 
mechanical advances owe much to the skill in fine workman- 
ship which was developed by clock-makers, allied to the 
techniques of heavy engineering that were used by mill- 
wrights and builders of other power-driven machinery. 

One of the latest and most revolutionary developments of 
medieval times was that of printing. China had printing 
several centuries before Europe, but it is not clear whether 
Europe learnt from China or invented printing independently. 
Europe certainly owes to China one of the fundamental 
materials for printing — namely paper, the only material with 
properties suitable for printing that could be produced 
cheaply enough. It appeared in China about a.d. ioo, and 
undl the end of the seventh century it was confined to the 
Chinese Empire. Thereafter it appeared in Samarkand, on 
the route from China to the then flourishing empire of the 
Arabs, in 751. We can then trace its spread through the 
countries dominated by Islam, through Baghdad (793), 
Egypt (900), Morocco (1100), till about 1150 it readied 
Spain, the main point of contact of the Arab and European 
civilizations. Thence it spread to South France by 1189, 
Italy in the thirteenth century, Germany in the fourteenth 
and so on. 

Three main stages may be distinguished in the invention 
of printing. First came printing from wooden blocks, so 
that a separate block had to be cut for every page. The next 
stage was printing from movable wooden characters, so that 
by having several hundred copies of each character the 
printer could combine them in a frame to set up the type for 
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each page in turn; but each of the several hundred copies of 
each character had to be cut separately. Finally came the use 
of movable metal type, all the copies of each character being 
mass-produced by casting from a single mould. 

In China wood-block printing appeared in the sixth 
century, movable wooden characters in the eleventh and 
movable metal type (in Korea) about 1390, The European 
developments are all considerably later. The techniques used 
in Kuropc are distinctly different from those of China, so that 
it is fairly certain that the invention was not simply imported 
to Europe from China. But that does not exclude the 
possibility that, with more frequent trading contacts 
between the two civili2ations, news of Chinese printing 
may have reached Europe and stimulated some individuals 
to see if they could produce a similar process. 

The first sign of printing in Europe is the use of wood- 
cuts to print the elaborate capital letters for books that were 
otherwise still copied by scribes in manuscript. This appears 
in a monastery at Engelbergin 1147. Block-printing is found 
at Ravenna in 1289 and in the fifteenth century it appears as 
a common process in several places, for example Brasscls, 
Ulm, Nordlingen, Venice. The transition to movable and 
metal type seems to have followed quickly and in several 
places simultaneously. We find it at Limoges in 1381, 
Antwerp in 1417, Haarlem in 1455 Avignon in 1444 (it 
was apparently a well-established process there by that time). 
But it was in Mainz that the process was brought to per- 
fection by Gutenberg between 1436 and 1450. We can take 
the last date as ushering in the eta of modern printing. 

Printing has had as profound effects on human life as the in- 
ventions in power machinery and transport that we discussed 
above. The reader can think out those effects for himself by 
pausing to consider the role of printing in the modern world 
or its influence on the history by which the modern world 
devdlopind from that of the fifteenth century. But let us note 
h&e& that it played ah important part in breaking down one 
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of the major contradictions that had hitherto prevented the 
best application of human ingenuitj’- to technical invention — 
the separation between the practical craftsman and the man 
with education. We have seen how changes in social 
structure reduced this separation by reducing class distinc- 
tion and making practical affairs more important and more 
‘respectable’. Printing also helped by bringing books, which 
had hitherto been valuable treasures because of the costly 
process of hand copying, within the range of wider classes of 
people. Within a century or two the ambitious craftsman 
had the means to study in books the accumulated experience 
of others and to apply it to his own problems. This was a 
revolution comparable to that brought about by the intro- 
duction of iron. Iron democratized physical tools; printing 
did the same for the tools of thought. This was an important 
factor in the increasing rate of invention that came in the 
following centuries. 

The primary kit of carpenter’s tools with which these many 
new machines were produced was, on the whole, not 
greatly changed since ancient times, but some significant 
advances were made. The brace and bit replaced the bow- 
drill which had been in use since neolithic times. The lathe 
was almost certainly a medieval invention, though some 
writers have put it as early as the Bronze Age. Lathes in the 
hfiddle Ages and for some time to come were usually of the 
pole-lathe type, the spindle being driven by a cord wound 
round it as in the bow-drill, attached at ^e bottom to a 
treadle and at the top to a flexible pole. The late Middle Ages 
saw the appearance of the method of driving that was later to 
become Ae commonest for lathes and many other machines 
— ^the treadle and crank motion. Nuts, bolts and spanners 
were also of medieval origin. 

Though the machines we have mentioned were con- 
structed largely of wood, they did require metals for certain 
bearing parts and cutting edges. A much greater demand for 
metals came from medieval warfare, with its complex 
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armour and its crude cannon added to earlier types of 
armaments. Thus in metal working we find the beginnings 
of methods that in the next century or two were to revo- 
lutionize the industry. For example a wire-drawing machine 
appears in Nuremberg in 13 50, rolling-mills in early fifteenth- 
century Germany. But the most important advances in 
metal-working were those arising from the application of 
water-power to its heavier aspects, as described above. Itwas 
the application of water-power to produce blast that made 
possible in the late Middle Ages the production of cast iron. 
Previously, with the lower furnace temperatures available, the 
iron was obtained as a spongy solid mass, mixed with slag, 
which had to be beaten labonously to expel the slag and 
reduce the metal to solid wrought iron. The metal could not 
be melted in the earlier forges, but must be beaten into shape 
at temperatures high enoughto make it plastic. Power-driven 
blast enabled molten metal to be obtained, which could be 
run into moulds to produce the required articles much more 
quickly and cheaply by casting. Blast-furnaces first appear in 
the fourteenth century but only in. the late fifteenth do they 
become common. Cast iron has a different composition and 
therefore different properties from wrought iron (in par- 
ticular it is more brittle) and therefore could not be used in 
all the places where wrought kon had previously prevailed. 
Nevertheless by producing cheaper iron, eminently suitable 
for some purposes, it contributed gready to the industrial 
changes of the succeeding century. 

Thus the Middle Ages changed the face of industry. The 
Power Age had begun and, though it was still a long road to 
the general application of power that we know today, yet 
already water-, wind-, and animal-power were doing many 
things for which previously only human muscles were 
available. Machines entered into many phases of life. They 
had become familiar objects. What is more, they had been 
succcssfub-^bviously so — solving many problems of 
living, Mpn begjan to have a new faith. The spkit of the 







Fig. 14. Various forms of the spindle with flyer, which allowed spinning and 
quilling to be carried on continuously and simultaneously. 

Leonardo’s design (top) contams not only arrangements for rotating the 
spindle and flyer at different speeds, but also a mechanism (worked by the 
fork on the right) for causing the flyer to reciprocate bodily from left to right 
and thus build the thread evenly on the bobbin. Jurgen’s simplified version 
(bottom, left and centre), which came into general use on the domestic spin- 
ning wheel, has no building mechanism. In the system (right) developed by 
Wyatt, Faul and Arkwright, the right-hand pair of roliers rotates faster than 
those on the left, thus drawing out the bundles of fibres before passing them 
t(» the spindle and flyer below. 
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times was expressed, as early as the mid-thirteenth century, 
by the English monk and scientist, Roger Bacon: 

‘I will tcU first, therefore, of the wonderful works of Art 
and Nature, in order to assign to them afterwards their 
causes and means; in these there is nothing of a magical 
nature. Hence it may be seen that all magic power is inferior 
to these achievements and unworthy of them. . . For first 
machines of navigation can be constructed, without rowers, 
as great ships for river or ocean, which are borne under the 
guidance of one man at a greater speed than if they were full 
of men. Also a chariot can be constructed that will move 
with incalculable speed without any draught animal. . . Also 
flying machines may be constructed so that a man may sit in 
the midst of the machine turning a certain instrument, by 
means of which wings artificially constructed would beat the 
air after the manner of a bird flying. Also a machine of small 
size may be made for raising and lowering weights of almost 
infinite amount — a machine of the utmost utility. . . Machines 
may also be made for going in sea or river down to the bed 
without bodily danger. . . And there are coimtless other 
things that can be constructed, such as bridges over rivers 
without piUars or any such supports. . 

The possibilities Bacon speaks of were not to be realized 
for many centuries,^ yet these were well-founded specula- 
tions — founded on the observation that machines had in fact 
succeeded in giving men many of their desires, where hopes 
misplaced in magic had been dashed. They epitomized the new 
faith, by which man was in the next seven centuries to make 
more progress toward a fuller life than in the whole of his 
previous history. While Bacon wrote of great things far ahead, 
other men were tackling the practical immediate problems in 
terms of the new faith — a faith based on experience — tbar 
these problems couMhe solved by mechanical inventions.® 

' Some of them tretc not 80 very distant. A successful submarine -was built 
in 16x4, though of course it -was not dll modern times tiat submarines could 
be anything other than cudosides. 

‘Magical beliefs, of course, lingered for centuries, but we am concerned 
here to emphasize the new posidve and progressive trend. 
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CHAPTER V 


THE SECOND INDUSTRIAL REVOLUTION: 

CHILDHOOD (1440-1660) 

The period with which we deal in this chapter is one that 
acted in the spirit of the quotation from Bacon given on p.49. 
In it the use of machines already known was greatly extended 
and many new types of machinery were invented. But more 
significantly it was a period of first attempts on many 
mechanical problems, some of which were not to be success- 
fully solved for centuries. From the conscious strivings of 
this period, unsuccessful though they were at the time, arose 
many of the successes of later times. Thus, as we shall see 
below, it was in these two centuries that men began to 
realize the enormous potential power of steam and to seek 
for some way of harnessing it for driving machinery; they 
did not succeed, but building on their experience, others at 
last produced practical steam-engines. And if the reader will 
watch carefully in subsequent chapters, he will see that many 
machines which reached success only in the nineteenth 
century were first attempted in the period we are now 
discussing. 

The striving to improve old machines and invent new ones 
became far mote conscious than ever before. Men who were 
interested in technical progress began to form scientific 
societies, the first being the Anademia Secretorum Natura 
(Academy of the Secrets of Nature) founded at Naples in 
1560. These societies had, of course, many interests besides 
machinery, but they did devote a good deal of attention to 
gathering and systematizing knowledge about machines, 
promoting their wider use and encouraging invention. This 
pedod th* publicadan of the fest great treatises on 

mechanics, Uhe Agticola’s great work 
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on mining and metallurgy in all its aspects, De Re Metallka 
(153 6), from which several of the illustrations for this chap- 
ter are taken, or the treatises of Ramelli (1588) or Zonca 
(1607). And in the latter part of the period began the 
development of scientific theories of mechanics, providing a 
general basis for the solution of the various problems con- 
cerned with machinery — but this more theoretical aspect we 
shall have to omit here. 

All this took place against the background of that 
vast expansion of trading which is called the Commercial 
Revolution. With growing transport and commerce, the 
tendency of each district to produce its own essential 
requirements progressively disappeared. It became possible 
for a district to specialize in the production of commodities 
for which it was naturally best suited, obtaining its other 
requirements by exchanging its own products for those of 
other districts or other countries. This allowed the growth 
of concentrated, comparatively large-scale industry, which 
in turn permitted mechanization on an ever greater scale. 

The outstanding mechanical genius of the times was 
Leonardo da Vinci (145 2-1 5 19). Throughout his life, along- 
side many other interests, he was continually inventing and 
improving machinery. He meticulously recorded his ideas, 
whether complete designs or mere tentative suggestions. He 
left 5,000 pages of notebooks on various scientific and tech- 
nical subjects, a very great part of which was devoted to 
machinery. It is difficult to evaluate exactly his influence on 
contemporary industrial practice. Some of the machines 
sketched in his notebooks may represent contemporary 
practice which had not previously been recorded. Others he 
may have introduced into Italian industry by direct contact 
with the manufacturers concerned. His notebooks were not 
published till long after his death, but they were read by 
quite a number of people, who almost certainly used 
Leonardo’s ideas and introduced them into practice without 
acknowledging their debt On the other hand, the fact that 
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an invention is sketched by Leonardo and some time latet 
appears in praedee docs not prove that the idea was taken 
from Leonardo — for the same industrial problems that 
caused him to work on any particular invention would also 
cause others to do the same and they might then arrive at the 
same results independently. Be that as it may, it is certainly 
true that within some fifty years of his death, many of the 
machines he sketched are to be found in actual practice. The 
most important of these are some of his textile machinery 
and his turret windmill, which will be mentioned below. 
And, choosing examples more or less at random from a long 
list, his wheel-lock pistol is paralleled by the wheel-lock 
musket that appeared in Germany about 1500; his roller 
bearings appeared in practice in the sixteenth century; his 
use of the pendulum to drive pumps more evenly is recorded 
again in the treatises of Ramelli and Besson, which almost 
certainly owe a lot to Leonardo; and his dredges are men- 
tioned by Besson. On the other hand, many of his inventions 
did not appear in practice for a very long time. Sometimes 
this was because his schemes were based on entirely wrong 
principles — his flying-machine or his power loom, for 
example. Often it was because, though fundamentally sound, 
they would have required standards of workmanship or 
materials that were not available in his time — such are his 
centrifugal pump, hydraulic press, rifled fire-arms, breech- 
loading cannon. In these cases it is reasonably safe to assume 
that the later practical device was created independently of 
Leonardo. Even when Leonardo’s schemes were for the time 
being impracticable, they do typify the spirit of invention that 
permeated the age and was shared by many lesser geniuses. 
Let us now mm to some of the dominant trends of the times. 

Public clocks, as we have seen, had become commonplace 
by 1 5 00, The next step in the evolution of the clock was to 
drive it by a spring instead of wd^hts. This was first done 
by Peter Heolein df Nuremberg between 1490 and 1500, 
Portablft watidhes (appeared soon after. But the spring 
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brought new problems. The old foliot balance and verge 
escapement kept remarkably good time m weight-driven 
clocks, where the force exerted by the weights was constant. 
Not so, however, with the variable force of a spring. A 
partial and temporary solution of this problem was reached 
with the invention of the fusee (a device for equalizing the 
force) by the Swiss, Jacob Zeeh, between 1525 and 1 540. But 
the complete solution had to await the invention of the 
pendulum clock and improved escapements. 

Before we come to that it is necessary to describe a com- 
mercial problem that concentrated much attention on the 
improvement of clocks. The great expansion of sea-going 
commerce called for more accurate methods of navigation. 
When ships sailed the Mediterranean or north-south along 
the coasts of Europe and Africa, a determination of latitude, 
supplemented by dead reckoning, would fix the ship's 
position accurately enough for most purposes. And latitude 
could easily be found by astronomical methods familiar to 
the Phoenicians, if not earlier. But when, in the fifteenth and 
subsequent centuries, vessels began to cross open oceans east 
to west, the accurate determination of longitude became very 
desirable. An error in estimating longitude meant at the 
least a delay, perhaps shipwreck on an unexpected coast. 
Now the determination of longitude amounts in essence to 
the comparison of the time (by the sun) on the ship with the 
time at some fixed point, such as Greenwich. To find the 
time on the ship needs only a simple astronomical observation, 
but to find for comparison the time at Greenwich is much 
more diflTicult. Two methods were possible; first, an astro- 
nomical one which required astronomical prediction so 
accurate that even after centuries of elFott it was never fully 
satisfactory, and which need not concern us here; and second, 
by carrying an accurate mechanical clock aboard ship. 

As early as 1520 the mechanical clock was suggested as a 
possible method. But many dilficulties stood in the way. 
They were not overcome till well beyond the period covered 
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by this chapter, but it will be well if we complete the story 
here, for it will give one specific example of how painstaking 
research in this period led to success in a later one. The 
foUot balance and verge escapement was not sufficiently 
accurate. The first step towards the production of an adequate 
clock was the introduction of the pendulum. In 1593 
Galileo (Italy) discovered that a pendulum swinging in small 
arcs made its swings at constant intervals of time, irrespective 
of the exact length of swing. With the possibility of its use 
in navigation in mind, Gahlco designed towards the end of 
his life a cloclc using this property of the pendulum, and it 
was partly built after his death in 1642 by his son. (It is 
claimed on very doubtful evidence that a pendulum clock 
was built by Jost Burgi in 1612.) Huygens (Holland) spent 
some twenty years of his life trying to make the pendulum 
clock reliable at sea, adding many important new inventions 
and building two clocks in 1657 and i66i. But these, Hke 
the many subsequent attempts that continued till 1726, 
failed to overcome the difficulty of making the pendulum 
behave regularly under the irregular motion of the ship. 

A more promising method of control was the balance- 
wheel and hair-spring, invented about 1658 by the English- 
man, Hooke, who again had navigauonal uses in mind, 
Hooke, Huygens and others strove hard to make adequate 
marine clocks with this new device, but still success was 
elusive (though meanwhile the balance spring served use- 
fully in pocket watches). The longitude problem was 
becoming more and more desperately important. Various 
governments and individuals offered prizes for its solution, 
the last and largest being the offer by the British Govern- 
ment in 1714 of from £ 10,000 to 20,000 according to the 
accuracy achieved. These prizes greatly encouraged further 
work. The escapement was greatly improved by the 
introduedott of tbs anchor escapement by Clement in j68q 
and further by its modification to the dead-beat escapement 
by Graham in 171J* Ambhg outstanding problems the 
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chief was that of temperature compensation, to ensure that 
the clock kept the same time in all seasons and weathers. 
Not till the middle of the eighteenth centuiy was this solved, 
independently and within a few \ears of one another by 
Harrison (England), f^e Roy (France) and Berthoud 
(Switzerland). Harrison, who had built four increasingly 
successful chronometers (as these accurate clocks came to be 
called) by 1739, was awarded the British Government prize, 
but it IS on Lc Roy’s chronometer of 1766 that actual sub- 
sequent developments were based. By 1780-90 stabilized 
designs had been leached and navigation entered a new cia 



Fig. ij. An early nbbon loom. 
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The progress in textiles that we recorded in the last chap- 
ter was also carried further. The spinning wheel, as we left 
it there, was such that the two processes of spinning and 
quilling (winding the thread on to a bobbin) had to be done 
dternatcly. The addition of the flyer (Figure 14), which 



revolved round the spindle at a different speed, enabled the 
two processes to be done simultaneously. The flyer appears 
in Leonardo’s sketches, but there are the usual doubts as to 
how much his< ideas actually affected practice. It was put into 
actual use about 1530 by Johann Jiirgen, whose wheel con- 
tained another innovation, the drive by treadle and crank, 
which left both hands £cee for manipulation. Such wheels 
were in general use by the end of the century. 

The ribbon Ipom is an adaptation of the loom to weave 
seviStal jdbboos simultaneously, a single movement of the 
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operator causing each operation to be performed on the 
several ribbons. It is a fairly complex piece of machinery, as 
a glance at Figure 1 5 will show, and represents a considerable 
inventive achievement. According to a Venetian writer of 
1625 it was invented at Danzig in 1 579, but the Qty Council, 
fearing unemployment among the weavers, suppressed the 
invention and had the inventor secretly strangled. It appeared 
again at Leyden in 1621, and by end of the century was in 
use in Holland, Germany, Switzerland, England and France. 

The knitting machine (Figure 16) also belongs to this 
period. Knitting itself is a surprisingly recent invention — 
apparently no older than the late fifteenth century. Yet a 
knitting machine was invented in 1 5 89 by the Rev. William 
Lee, airate of a village near Nottingham. This is a very 
remarkable achievement, considering the short time that 
had elapsed since the introduction of hand knitting and the 
great complexity (compared with, say, weaving) of the 
operations the machine must perform. Though by no means 
completely automatic, the knitting machine, even in its 
earliest form, was considerably more so than any other 
machine of the times performing an equally complicated job. 
Together with the ribbon loom, it represents a very sig- 
nificant step on the way to the machines which today 
perform very complex operations with no human inter- 
ference except in feeding and maintenance. 

Considerable progress also took place in the various 
auxiliary textile machines. Water-driven fulling machines 
were more widely used. Leonardo sketched power-driven 
machbery for silk reelbg and twisting (perhaps owbg 
somethbg to the machines of izyz at Bologna, mentioned in 
the last chapter), but the machbes that appear b actual use 
in the late sixteenth century are substanti^ly diifetent from 
Leonardo’s designs. Leonardo also designed a power-driven 
gig-mill (for raising nap on the cloth). Such machbes arc 
found in actual practice b the mid-sixteenth century (whether 
derived from Leonardo or not). The earliest full description 
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of gig-mills as used in practice comes from Zonca (1607); 
they are better in general design than Leonardo’s, but are 
hand-driven. 

In all these ways the basis was being laid fot the spectac- 
ular mechanization of the textile industry which was to be 
one of the main elements of Britain’s rise to industrial 
supremacy in the eighteenth century. 

The developments of the period in heavy engineering took 
place mainly in mining and metallurgy. All the commercial 
and industrial developments had increased the demand for 
metals, so that these two industries expanded more rapidly 
than any other. To meet this expansion, especially to meet 
the requirements of much deeper mining, heavy power- 
driven machinery had to be used. The illustrations included 
in this chapter (mosdy from Agricola’s De Re Metallica, 
1556) will give a far better idea of this machinery than any 
verbal description. But in considering them it should be 
noted that some of them do not represent new inventions, 
rather increases in scale of application; also that develop- 
ment was very uneven, so that simultaneously with these 
advanced machines, much cruder methods were in use. 

Figure 17 shows the application of the horse-whim for 
winding. This derives from the use of animal-power for 
corn-milling (fifth century b.c.), but with the improved 
harness of the Middle Ages, and from the gearing of the 
water-raising wheel (after 200 b.c.) and water-mill (first 
century b.c.). But the whole apparatus is so much increased 
in size that it represents the solution of much greater prob- 
lems of engineering construction. Note the brdee acting on 
the drum (centre). Figure 18, of a hoist driven by a water- 
wheel 36 feet in diameter, probably represents the most 
powetflilmachinetythatcouldbeproducedwiththematerials 
of the age. It was used here for hoisting water, as a sub- 
stitute for pumping, but it could, of course, be applied 
equally to l 4 »e li^sting of ore. Note die two sets of buckets 
on pfovidiag s, reversing mechanism 
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controlled by the workman, who pulls one or other lever to 
open the appropriate sluice to give the required direction of 
rotation. For transporting the ore from the minehead crude 
railwaj's, such as those shown in Figure 19, were in use in 
Germany by the mid-sixteenth century at the latest. After 
about 1 500 water-power was applied to crushing ore, through 
water-driven stamp-mills like that shown in Figure 20. 

'I'hc most difficult problem of mining, however, was that 
of pumping away the water that always threatened to drown 
the workings -—a threat that increased rapidly with the 
depth of the mine. The most advanced heavy engineering of 
the times is concerned with mine drainage. One such macliinc, 
described by Agricola, we have already noted (Figure 18). 
Agricola also describes the use of force-pumps, suction- 
pumps, chains of pots (like those used for irrigation purposes 
as described in Chapter III, but with the important change 
from ropes and earthenware pots to iron chains and iron 
buckets),and the rag-and-chain pumpportrayed in Figure 21. 
This last is a compromise, with many advantages at the 
current level of technique, between the force-pump and the 
chain of pots. The balls (made of horsehair) fill die vertical 
tube, whose top can be seen in the picture and whose 
bottom lies in the sump, and, as the chain moves up, they 
carry the water to the top. In the force-pump the bottom of 
the pipe has to stand the pressure of the whole column of 
water, and it is no easy task to make such strong pipes, but 
with the rag-and-chain much of this pressure is taken away 
from the pipe and transferred to a force on the chain. Note 
that the pump is worked by human power through a tread- 
mill. Human power was stiU often used, sometimes through 
the cruder mechanism of the capstan or windlass. On the 
other hand Agricola describes a plant at Chemnitz consisting 
of three rag-and-chain pumps working in series, the lowest 
being 660 feet below ground; the whole plant was worked 
by four shifts of twenty-four horses-^ quite considerable 
use of power. The suction pump suffers from the great 
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disadvantage that it will only lift water through some thirty 
feet. Figure az shows a device for overcoming this dilBculiy 
by coupling in series a number of suction pumps all driven 
by the same water-wheel; Agiicola says this was invented 
about 1 5 46. 

The increasing commerce and industry resulted in a 
notable growth of the lowns.^ This brought with it new 
problems of water-supply, which resulted in the intro- 
duction of heavy pumping machinery for this purpose also. 
Germany led the way in this, as in the mine engineering we 
have just discussed. Several German cities probably had 
notable water-pumping plant by 1500, though the earliest 
known description is for Augsburg in 1550, by which time 
a very complex system had grown up there. The plant was 
driven by water-wheels and it used the screw of Archimedes 
(see Chapter III) repeated several ti m es in series to raise the 
water to the tops of towers, from which it was distributed in 
pipes; force-pumps may also have been used. Several very 
ambitious schemes were attempted at Toledo ftom I5z6 on, 
but without success. A windmill was used in 1542 at 
Gloucester to feed the town reservoir, London’s first 
pumped supply came from a machine, driven by a tide-mill, 
erected in 1582 near London Bridge by a German engineer 
named Peter Morice.® Other London schemes followed, 
Paris had its first water-works erected in 1608, and so on. 

As well as the power-driven machinery we have just been 
describing and a great expansion in the use of the other 
power-driven machines we mentioned in the last chapter, 
water-power was now being used in many other industries, 
suchas paper-making, gunpowder manufacture, naU-making, 
sword-making and most branches of metallurgy. There was 
thus a constant and increasing demand for more and larger 

’‘In the fifteentb-centuiy some typical populationfigutes ace Ftuds, joo,ooo; 
Veokai 190,000; Benges and Prague, loo.ooo each; London, 55,000. 

‘The people Lctndon. ducwgh the Metiopotitan Waiet Board, atiU pay 

axYOat tor Mocked heira and excentora, though the pomps were 
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Fig. 19 A siveentb-ceniucy tninchead railway. Note also the crude ■winding 
by ■winch 10 this case. 
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sources of power. Many and determined attempts were made 
to produce new prime-moveis or improve old ones — ^yct the 
problem was so difficult that notable successes did not, on 



Fig. 20. A sixteenth-ccntucy wtec-diiven stamp-mill for ciuslung ore. 


tbe whole, arrive till the period covered by our next chapter. 
Water-wheels increased in size, as materials and constructional 
methods improved, till m the early seventeenth century 
wheels yielding twenty h.p. were in use. Various modifi- 
cations of design were tried, which began the evolution of 
the water-turbine (sec QiapterVII). Windmills also increased 
in size, and one fundamental innovation took place that 
pi^mistcd great increases in power. In the earlier type, the 
post-wih’dr^ the whole mechanism revolved on a pivot to 
wind ^a), Hlds greatly restricted the size of 
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Fig. zi. A lag-and'chain pump driven, by a ticaUraUl 
from Agricola’s Dt Re Mttalben, 
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the mill. In the turret windmill the machinery is all housed in 
a fixed tower, except for the sails and connecting gearing 
which are placed in a revolving turret at the top (Figure 24b), 
With this arrangement 6-14 h.p. could be obtained, as 
against 2-8 h.p. for the post-miU. The source of the mven- 
tion is obscure. Perhaps it had several independent mventois. 
Sketches of it appear m Leonardo’s notebooks and a complete 
drawing was given by Ramelli (1588), but the general 
development of turret-mills was carried out by Dutch 
engineers of the late sixteenth century. 

The demand for power was slowly but surely outrunning 
evea these sources and men began to look for new sources of 
power. The great power of steam may have been realixed 
vaguely for some centuries, but till the middle of the 
sixteenth century, no serious attempts were made to harness 
it and there was no clear conception of its nature or proper- 
ties — ^it was not clearly distinguished from air, for example. 
From I j JO on, however, and increasingly in the seventeenth 
century, men began to investigate the properties of steam 
and to seek for methods of using its power. The earlier 
attempts were of no practical value, but ihey do demonstrate 
a consaous search for a way of harnessing steam, and it is on 
the experience thus gained .that the successful steam-engine 
was eventually built. Baptists Porta in 1560 described a 
method of raising water by the condensation of steam — a 
method which forms the basis of the Worcester and Savery 
engines, to be mentioned later. De Cans in 1615 described a 
steam-driven fountain, which works in much the same way 
as when a boiling kettle with a tight-fitting lid forces water 
from the spout. In 1629 Branca suggested the impulse 
turbine shown in Figure 23 . This was not a practical proposal, 
but the picture seems to indicate that he had hopes of steam 
a source of industrial power. The Marquis of Worcester 
in his CttrfHiy qf Jnrntim (written i6j j, published 1663) 
describes* in language intentionally vague for purposes of 
secrecy, n s Wttp-teagine for drMng munfaihs. It is not certain 
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Fig. I*. Suction pomps in scries, driven by a single wtet wheel, 
itom Agiicola's Dt Mtlallica, 
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whether the engine was built or not, but the design was, for 
this hmited purpose at least, fundamentally sound — that is, 
if It was anything like the reconstructions that have been 
based on his vague descriptions. It seems to have been some- 
what like the Savory engine discussed in the next chapter. 
Though these attempts show increasing approximation to it, 
the workable steam-engine was not to appear for several 
decades, and only after social changes in England had given 
a new impetus to the search. 

Meanwhile the techmeal advances that have been de- 
scribed in this and the previous chapter were once more 
affecting social structure. Throughout the Middle Ages, 
industry had been subservient to agriculture; correspond- 
ingly political and economic power was chiefly in the hands 
of the feudal lords, who maintained it through their control 
of the land and of the workers thereon. In industry the 
typical unit of production was the independent craftsman 
owning his own tools and workshop. The master craftsman 
would be helped by a few apprentices and perhaps one or 
two journeymen working for wages, but these were merely 
prepatmg for the not very distant date when they would 
themselves become masters. Where industry was concen- 
trated on any scale, the master craftsmen were organized in 
Guilds, which established craft standards, ensured that 
apprentices were properly trained before becoming journey- 
men or masters, protected the trade from the invasion of 
outsiders, and generally protected the conditions of the 
trade. This form of industrial organizarion remained domi- 
nant in most trades till long after the end of the Middle Ages. 

But before the end of the Middle Ages a new form of 
industry had begun to appear, timidly as it were, and on a 
restricted scale; and during the period covered by this 
chapter it made great strides towards eventual domination of 
the yriiole economic system. The heavier machinery that we 
have described can only be used properly by a number of 
jtoaia -fliroridflg together* This provided the basis for the 
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growth of the factory system, in which the necessary machines 
are gathered in a factory, owned by one man (the ‘capitalist’, 
who, by saving or otherwise, provided the capital required 
to construct machines and factory), or by a group of such 
men. The work in the factory was carried out by employees 
worldng for wages and, in contrast to the journeymen of the 
Guild system, unlikely ever themselves to become employers. 

This capitalist type of industry naturally appeared first in 
those trades where heavy machinery is most necessary — 
chiefly mining and metallurgy. But even before the end of 
the Middle Ages we find occasional examples in other 
industries — ^for instance, a factory of 120 weavers at Amiens 
in 1371, one of as many printer in Nuremberg about 1450. 
In the early sixteenth century the famous Jack of Newbury 
buHt a weaving factory with more than 200 looms, employ- 
ing about 600 workers. Before 1660 such large-scale 
enterprise, requiring the accumulation of considerable 
capital, became more common, especiahy in England. The 
capital required for mining rose from £100 or so in early 
Elizabethan times to several thousands under the Stuarts. 
Blast-furnaces involving several thousand pounds of capital 
appeared in the mid-seventeenth century. In 1649 two 
capitalists spent £ 6,000 on a copper-wire mill at Esher. A 
London brewery under Charles I had a capital of £10,000. 
All these, however, are but hints of the great change-over to 
the factory system that took place in the eighteenth and 
nineteenth centuries. 

With such enterprises the old-fashioned guild craftsmen 
could not compete. They were in grave danger at least of 
losing their independence and becoming mere employees, at 
the worst of losing their livelihood altogether, when a 
failure of markets to keep pace with mote efficient production 
caused unemployment. Naturally they opposed the new 
c^italist type of industty, using the very great political 
po-sref of Guilds to ptevent the introduction of the 
They saw, tpq, that the growth of machinery 
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favoured capitalist industry at the expense of their own crafts 
and therefore they sought to prevent the use of machines. 
One such case, the suppression of the ribbon loom at 
Danzig in 1579, has already been mentioned. Similarly, 
Cologne tailors were forbidden to use machines for pressing 
pinheads in 1397; the English Parliament under Guild 
pressure prohibited in 1553 the use of the power-driven 
gig-mill; in 1623-4 Charles I ordered the destruction of 
needle-making machines. Such opposition could never be 
successful in stopping technical progress — but it did liinder 
progress sufficiently to be an important factor in making 
necessary the social changes that ate described in the next 
chapter. 


CHAPTER VI 

THE SECOND INDUSTRIAL REVOLUTION: 

YOUTH (1660-18IJ) 

In all that has gone before the names of British inventors are 
few. Some crept in because we carried the history of chrono- 
meters well beyond the period covered by the last chapter. 
The others, like Lee (whose knitting machine of 1589 was 
the first English mechanical invention of note), Hooke and 
Worcester, occur only towards the end of the period in 
question. But in the present chapter British names occur 
almost to the exclusion of all others. This sudden change 
reflects great social changes which took place first in England. 

Though England had not been conspicuous hitherto in 
mechanical invention, she had from the mid-sixteenth cen- 
tury on made outstandingly mpid strides in the industrial 
application and use of such inventions. Already we have 
noted some of the large industrial enterprises set up in 
England in the early seventeenth centuty. Similatly, between 
1 540 and 1600 there were introduced into England from 
abroad the first paper and gunpowder mills, cannon 
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factories, alum and copperas factories and sugar refineries 
(some of these mdustries existed earlier on a small non- 
factory basis). The aveiage annual production of coal rose 
from ziOjOoo tons m thedecade i55i-6oto 2,982,000 tons in 
1681-90. The number of merchant ships over 100 tons rose 
from 35 in 1545 to 183 in 1588 and 350 in 1629. The new 
English ships were technically superior, too, to those of the 
older mercantile countries — ^this was one of the principal 
reasons for the crushing defeat of the Spanish Armada in 
1588. With their new and excellent ships, British merchant 
sailors traded with the whole world and provided the 
commercial activity which was a necessary parallel to the 
expansion of industry. 

Thus, in the century before 1640, England was trans- 
formed from one of the most backward to one of the most 
rapidly advancing commercial and industrial countries of 
Europe. This brought to a head contradictions, which have 
already been hinted at, between the new forms of industry 
required to use advanced mechanical methods and the 
political structure. By this time England had already moved 
poUticaEy beyond strict feudalism. Yet the feudal basis 
remained and tended always to restrict industrial and tech- 
nical progress. Besides the types of restrictions mentioned 
in the last chapter, there was, for example, the growing 
practice of granting monopolies for the manufacture or sale 
of this or that article, sometimes as an encouragement to 
individuals to promote some backward industry, more often 
as rewards to court favourites (this being, in fact, an attempt 
to divert the profits of new industry to the benefit of the 
feudal upper classes). Local tolls and taxes hindered com- 
merce, whose free growth was essential for the full use of the 
new industrial methods; feudal restrictions prevented the 
creation of a free market; and so on. Rotmd these and other 
issues, great political struggles raged in early seventeenth- 
century England, culminating in that Revolution which 
5,^ «tnd itji A few years had replaced the old 
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political stmctufc by a new one from which most of the old 
restrictions were gone. Political power now passed mainly 
into the hands of the new class of capitalists or ‘bourgeoisie’ 
(for which reason this is referred to as the ‘bourgeois revo- 
lution’). The description given here is greatly over-simphfied. 
For one thing, the revolution was not completed in a few 
years in England, as it was later in other countries, but 
required further changes, particularly in 1688, but covering 
in all a period of nearly 200 years, for its completion. The 
reader will be in danger of acquiring a distorted view of it 
(in pardcular he will miss the many other factors besides 
industrial mechanization that went to make it), unless he 
reads more complete descriptions of it. 

In the new social structure, free in the main from feudal 
restrictions and with power in the hands of the manu- 
facturers, British industry forged ahead on an unprecedented 
scale. Since Britain was by over a century the first country to 
take this step, she was without serious rival throughout that 
period. And with expanding industry came increasing 
invention to cope with the many new problems that arose. 
That is why for over a century the names on the roll of 
inventors ate almost entirely British. 

The outstanding mechanical problem still remained that of 
pumping, both for draining mines and for water supply. 
Coal-mines reached 400 feet deep by 1700 and 600 feet by 
1750 — and with every increase of depth the problem of 
pumping became more acute. One English mine operator in 
1702 was using joo horses to give power for pumping. Many 
improvements in pumps were made to meet this trouble, but 
these do not concern us so much as does the role of the 
pumping problem in bringing to fruition at last the attempt 
to make use of the power of steam. 

The first engine to achieve even partial practical suc- 
cess was that of Savery, patented 1698, whidti is shown 
diagrammatically in Figure zj. He intended it as a solution 
of the mine drainage problem, as is made dear by his 
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Fig. 15. The principle of Saveiy’s steam engine. With the yessel (e) full, the 
valve (a) is opened; steam &om the boilei (p) drives the water out of (e); 
the pressure doses the clack-valve (b) and opens (c), so that the water is 
driven up the pipe (g), When (e) is empty, the valve (a) is dosed and cold 
water is pouted over the outside of (s); the steam condenses and creates a 
vacuum; this closes valve (c) and opens (b), so that water is sucked up 
from (f) into (r); after which the first process is repeated. 
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pamphlet of 1702, The Miner’s Fttend. It was, however, 
inadequate and theie is no record of its use in more than 
one mine, though several were made to pump water for 
country houses. 

The Worcester and Savory engines had shown an appieda- 
tion of the harnessing of steam-power, both through using 
it to create a vacuum and through using its expansive force. 
But before really adequate steam-engines could be produced 
another vital component was needed — the piston and 
cylinder. It is intcresdng to note here how much the steam- 
engine owes to pumping problems. Not only was pumping 
the main urge to create it, but also the piston and cyhnder 
as a piece of mechanism had become famihar through its 
widespread and increasing use in the pump, while the 
necessary knowledge of vacuums and atmospheric pressure, 
which had been worked out by vaiious scientists from the 
mid-sixteenth century on, was itself originally a product of 
investigation of the working of suction pumps. As eaily as 
1680, Huygens (who has already been mentioned in con- 
nection with the chronometer) had attempted to make a 
piston and cylinder engine using the explosion of gunpowder 
as the source of power. The attempt was naturally un- 
successful, but it led Papin to try the use of a similar 
mechanism with steam. His rudimentary ‘engine’, produced 
about 1690, made use of the expansion of steam to drive up 
a piston in a vertical cylinder and its condensation to create 
a vacuum and draw it down again. But there was no boiler; 
appaiently water lay in the bottom of the cylinder, and the 
evaporation was done by placing the lire under the cylinder 
and the condensation by removing it again. It was not, 
therefore, a practical engine. 

Success came when Newcomen discovered how to 
combine this piston and cylinder with the separate boiler of 
Savery’s engine and with suitable valves to Control the 
admission and exhaustion of the steam, on lines indicated in 
Figure 26. It is not clear how much Newcomen knew of 
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sphere during the working stroke (second picture). For this tcason the 
engine is called an atmospheric engine. 
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Papin’s ‘engine’ or of other experiments that he and others 
had made with pistons and cylinders and vacuums, but 
there is probably some connection. Newcomen was working 
on his invention before 1705, but the first engine whose 
construction we definitely Icnow dates from 1712. 

The Newcomen engine really was a success. In spite of the 
disadvantage of a high fuel consumption, it did provide an 
effective means of pumping from mines. Its use spread 
rapidly. In 1714 three more engines were built. After 1720 it 
was widely used in Cornish tin mines. In 1769 100 engines 
were in use in the north of England, fifty-seven being in the 
Newcastle (coal-mining) district. Even in 1830, sixty years 
after the invention of Watt’s much more efficient engine, 
Newcomen engines remained in use — ^though only at coal- 
mines, where waste low-grade fuel was available. 

Meanwhile the eighteenth century saw the transformation 
of several of England’s main industries from local craft or 
cottage industries to mechanized factory industries. The most 
startling changes took place in textiles. Early in the century 
the Lancashire textile industry was worked by hundreds of 
weavers and spinners working in their own homes, buying 
raw materials from ‘factors’ and selling their finished 
products back to them. They used the equipment described 
in previous chapters. The first great change came with 
John Kay’s invention of the flying shuttle in 1733. 
Formerly the shuttle was passed from hand to hand through 
the web. The flying shuttle, as its name implies, flew freely 
through the web, being driven from a box on one side to 
a box on the other by a mechanism controlled by cords 
which the weaver held in one hand. To use it required con- 
siderable skill, but given that, it allowed the weaving of 
wider cloth, left one hand free for other operations and 
roughly doubled the weaver’s output. It was adopted only 
slowly; in some parts of the country it was little used even 
in Ih Lancashire, however, it had come into general 
fe abnnt I'yfio, and it had the immediate effect of 
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making it very difficult for the spinners to keep up with the 
requirements of the weavers. Thus in the decade after 1760 
we find a series of inventions designed to improve the 
productivity of the cottage spinning-wheels. 

But more radical changes were required in spinning, and 
the first of these came considerably earlier. The first steps in 
spinning are to arrange the fibres parallel and then draw 
them out till they form a loose thread of appropriate thick- 
ness, which is then twisted on the spindle. The drawing out 
was formerly done by hand. In 1738 Lewis Paul obtained a 
patent for spinning by rollers (on somewhat doubtful 
evidence it is said that a similar idea occurred to Wyatt in 
1730 and a machine was constructed in 1733). This machine 
drew out the fibres by passing them between pairs of rollers. 
In 1741 Wyatt and Paul had a spinning mill working on this 
principle, employing ten girls and using power from a 
capstan driven by two asses. 

However, the most rapid advances came after the general 
use of the flying shuttle had greatly raised the demand for 
yarn. First came Hargreaves’ 'spinning jenny’, which 
allowed one operator to control at first eight spindles, later 
eighty or more. This machine contained the essentials of the 
modern ‘mule’, except that certain operations were manually 
controlled instead of being aummatic. It was without rollers 
and flyer, so diat the processes of drawing out, twisting and 
winding on were performed intermittently. It was probably 
conceived about 1764 and was perfected by 1768. In 1769 
Arkwright introduced his ‘throstle’ or ‘water frame’, a 
machine for spinning by the use of animal or water-power. 
It used rollers and flyer (Figure 14) and, after various im- 
provements, produced a much firmer thread than was 
hitherto possible. Formerly cotton thread was so imperfect 
that it could only be used for the weft, linen being used for 
the warp. Arkwright’s machine made possible the production 
of all-cotton fabrics, Crompton, after five years of work, had 
by 1779 completed his invention of a machine (Figure 27) 

79 



MEN, MACHINES AND HISTORY 

combining the best features of Hargreaves’ and Arkwright’s. 
He took Arkwright’s rollers and Hargreaves’ spindles 
without flyers and with this combination it was possible to 
produce a much finer thread than formerly. Because it was a 
cross of the two earlier machines, this was known as the 
spinning ‘mule’. From 1790 attempts were made to make the 
mule automatic, though they were not successful till 1825. 
Between 1830 and 1833 Thorpe and Mason introduced ring 
spinning, which is now the main system except for fine, soft 
yarns. 

The greatly increased productivity of these machines soon 
transformed the spinning industry, especially after the 
introduction of steam-power. The cottage industry gave way 
to the factory where hundreds of spinners worked as wage- 
earners for the &ctory owner. Factories sprang up in dozens 
alongside streams which provided water-power. By 1811 
there were 310,300 spindles in Great Britain working on 
Arkwright’s frames, 4,600,000 on Crompton’s mules and 
156,000 on Hargreaves’ jennies. In 1761 the Manchester 
cotton industry had been so unimportant that there were no 
cotton workers in a procession representing the principal 
trades of the city; by 1774 there were 30,000 people in the 
industry in or near Manchester. 

As the efficiency of spinning increased by leaps and bounds, 
it was the turn of the weavers to find they could not keep 
pace. Renewed attention was given to the problem of 
producing a power-driven loom. It will be remembered that 
Leonardo had designed a power-loom, though his con- 
ception was inherently impmcticable. Other attempts were 
made in the seventeenth century, but the various mechanical 
dements that had to be combined to make an effident 
machine were lacking. Improvements to the ribbon loom by 
Kay and others made it substantially automatic by 1745 and 
a decade ox so later It incorporated most of the essentials of 
VWfio The outstanding remaining problem was 
- Ae: control of the shuttle in wide webs, and Kay’s 
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flying shuttle of 173 5 provided the basis for its solution. With 
these elements available renewed attempts were made. Some 
progress was made by Barber m 1774 and the mam steps 
forward were taken about 1787 by the Rev. Edmund 
Cartwright, whose loom (Figure 28) embodies the main 
principles in use for power-weaving today. His machine was 
used to some extent, but the.power-loom was not sufficiently 
perfected for geneial use till after the improvements intro- 
duced by such men as RadcMe (1802), Johnson (1803-j), 
Austen (1789 and subsequently) and Horrocks (from about 
x8io onwards). 

Horrocks’ improvements represented the decisive advance 
to a machine of general practical use; his loom was put into 
regular manufacture after 1822. The number of power looms 
in England was only 2,400 in 1813 and 12,150 in 1820, but 
after the appearance of these improved looms it rose to 43,500 
in 1829 and 83,000 in 1833. The Northrop loom, in which 
empty shuttles are automatically replaced, appeared in 1892. 

All this refers to the ordinary loom for plain weaving. 
Meanwhile the draw loom (for various patterns) had else- 
where been undergoing a long evolution, culminating in the 
perfection about 1804 of the Jacquard loom (so called after 
its inventor, a Frenchman). In tiiis the raising and lowering 
of the various selections of warp threads to produce 
complicated patterns were automatically controlled by cards 
punched with appropriate holes. 

At the same time the auxiliary stages of textile production 
were being rapidly mechanized. A carding machine was 
patented by Paul in 1748, while Kay produced another. BeU 
invented a cotton-printing machine about 1783. In America 
modem types of shearing machines were patented in 179a 
and 1793. The combing machine was invented by Heilman 
in 1850. 

With the aid of these machines the British textile industry 
expanded several hundredfold between the nud<^e of the 
eighteenth and the end of the nineteenth century. It captured 
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the markets of the whole world, as is shown very clearly by 
the following table: 


Ytar 
lyoi 
1751 
1780 
1790 
1 800 
i8zo 
i860 
1870 


Value of exports of 
cotton goods, yam, etc. 

jC23>23 3 
£45,986 
£355,000 
£1,662,369 

£5,406.501 

£20,509,926 

£52,012,430 

£71,416,345 


after which the figure remained stable and then slowly 
declined. The decline was partly caused by the rise in 
industrial strength of other countries, which broke Britain’s 
world monopoly; but it was also partly due to the technical 
backwardness of the British industry compared with its new 
rivals — ^in recent years only five per cent of the looms in 
Lancashire were automatic, against ninety-five per cent m the 
U.S.A., while over half of the cotton-making machinery in 
Lancashire was installed before 1910. 

Though we have carried the story well beyond that point, 
it will be clear that by the 1770s the mechWzation of the 
cotton industry was such as to put a serious strain on existing 
sources of power. It was the same in other industries. Most 
of them, however, saw no such spectacular pageant of 
invention as in textiles; rather there was an increase in the 
size and capacity of machines already well Icnown, an in- 
creasing use of power to drive them and a growth of 
factories in place of craft or cottage industry. Thus the 
eighteenth-century pottery industry used increasing amounts 
of windr and water-power for such purposes as grinding and 
crushing flints, grinding enamel colours and mixing clays, 
Wi&i gtowing towns, flour mills increased in size. And so 
range of Industry, Only in metallurgy and 
|(and end of the century in light 
fla 
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engineering also) was progress as spectacular as in textiles. 
iVll the aspects of industrial progress that have been men- 
tioned, together with growing shipping, bridge building, 
and the continued progress of the steam-engine made heavy 
demands on metallurgy and engineering, calhng for larger 
furnaces and therefore larger bellows for blast, heavier 
rolling mills, boring machines, and so on — all in their turn 
requiring more and mote power to drive them. 

In .such an atmosphere men turned in the mid-eighteenth 
century to serious attempts to improve the known sources of 
power — ^watcr, wind, animal and the Newcomen steam- 
engine (which, it must be remembered, would not drive 
rotary machinery). All these prime-movers had been pushed 
as far as empirical work could push them. The intuitive 
approach of the skilled craftsman could carry them no 
further. To produce further increases in efficiency required 
careftil comparative measurement, in controlled conditions, 
of all the factors involved and the power output obtained. In 
other words, further progress depended on the application 
of scientific analysis. Among those who tackled water-wheels 
scientifically was Smeaton, one of the outstanding engineers 
of all time. In 1752-9 he built laboratory models of water- 
wheels and, by carefully measuring their output of power 
while he varied the shapes and relations of their various parts, 
was able to redesign water-wheels to a greatly increased 
efficiency. With the introduction of the breast-wheel in the 
late eighteenth century, the plain water-wheel (as opposed to 
the turbine) reached the end of its evolution. Meanwhile, on 
the Continent various workers were pursuing theoretical 
investigations which, though producing little of practical 
value at the time, prepared the w'ay for the creation of the 
water-turbine in the nineteenth century. Smeaton also 
scientifically investigated and greatly improved windmills. 
In 1750 Andrew Meikle made several improvements in 
windmill construction, adding, for example, the fantail 
mechanism — ^the small auxiliary windmill at the back which 
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automatically turns the main sail into the wind. Sails which 
automatically adjusted themselves to the wind speed were 
introduced by William Cubitt in 1807. In 1769 Smeaton 
again embarked on a scientific investigation of the Newcomen 
engine and as a result of his experiments was able to tabulate 
the best cyhnder diameter, stroke, rate of working, boiler 
size, water injection and coal consumption for a given power. 
With this data he was able to build bigger and better engines 
— for example, one at Chasewater with a 6-foot cylinder, 
9]-foot stroke, yielding 76^ h.p. It can be said that after 
Beaton’s work, the Newcomen engine reached the limit of 
its development and further progress depended on the 
fundamental changes introduced by Watt. 

Water-wheels had the disadvantage that the factory had to 
be placed by a stieam. WmdmiQs suffered from irregularity 
of workmg. The Newcomen engine was free from these 
disadvantages but it would drive only pumps, not rotary 
machinery, fience attempts were made to adapt it for the 
latter purpose. Since the engine would pump water and since 
water-wheels would drive machinery, the most obvious 
method was to use the engine to pump water to supply a 
wheel which drove the machinery. Between 1732 and 1734 
the firm of Darby, the ironfounders who took such a promi- 
nent part in eighteenth-century progress, built a Newcomen 
engine which pumped water for ten water-wheels to drive 
their machinery. A similar device was in use in the Potteries 
in the years 1750-60. In the second half of the century this 
method was commonly used for haulage in mine shafts; the 
pumping engine, required in any case for drainage, pumped 
water over a wheel operating the haulage. In 1779 Pickard 
was granted a patent for producing rotary motion from a 
Newcomen engine, using the crank; the attempt produced 
little success, but the patent later obstructed Watt’s work. 

the drive to produce better sources of power. 

the crude Newcomen engine 
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Fig. 29. Diagrammatic rcptcsenUtion of Watt’s pumping engine (wotUng 
stroke). Compare ■with Figure 26. This is still an atmospheric engine, 
working on the same principle as Newcomen’s, except that (a) the steam 
jacket keeps the cylinder constantly hot, and (b) the condensing is done m 
a separate condenser, kept constantly cool by cooling water and exhausted 
by a pump. 
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into a leally efficient machine. Watt was not the father of the 
industrial revolution. It was not his engine that started the 
great drive of mechanization. The mechanization started 
first, based chiefly on water-power, but soon outran it and 
produced demands for power such that men sought to 
improve the steam-engine. Watt was outstandingly the most 
successful. He answered the problem of power and on his 
work industrialization could go forward assured of adequate 
power sources. 

Mine drainage still presented the largest single power 
problem, while the Newcomen engine was a basis from 
which to start; so it is natural that Watt’s first steps were to 
improve the pumping engine out of all recognition. In 1763 
he was called to repair a model Newcomen engine and noted 
its inefficiencies, but so difficult was the problem of elimina- 
ting them that it was not till 1765, after much thought, 
consultation with scientists and scientific experimenting of 
his own, that he saw the solution. He observed that the mam 
source of inefficiency in the Newcomen engine arose from 
the condensing of the steam in the cylinder; the cylinder was 
cooled at every stroke and a great part of the steam was 
wasted in reheating it. His main improvements were there- 
fore to keep the cylinder permanently hot by enclosing it in 
a steam jacket and to do the condensing in a separate con- 
denser, kept permanently cold (see Figure 29). He built a 
model in 1765, but it took him till 1769 to solve the problems 
of full-scale working, and obtein his patent. 

The first Watt engine (1776) was installed to drive the 
bellows of the blast furnaces in the ironworks of John 
Wilkinson, who was responsible, along with the firm of 
Darby, for many of the great advances in heavy engineering 
and whose improved boring machine had made possible the 
production of Wattes cylinders. In 1777 came the first order 
for a pumping Cit^^oe for a Comish tin mine and thereafter 
Cdawwtt '«!» the heat field for these engines, forty being 
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By the time the pumping engines were in regular pro- 
duction, the demand of the textile and other industries for 
improved sources of power had grown fully effective and 
Watt, at the request of his partner, Boulton, turned his 
attention to the production of an engine for driving rotary 
macliincry (Figure 30). His rotative patent was taken out in 
1781 and the following year he developed the double- 
acting engine and expansive woiking. In 1788 he added the 
centrifugal governor (to right of cylinder in Figure 30), 
and in 1796 the steam-engine indicator. 

In 1782 a Watt rotative engine was installed in Wilkinson’s 
works for driving a forge-hammer and another at Wedg- 
wood's pottery (the first of several there). The first for 
winding at a coal-mine was at Newcastle in 1784, and by 
1800 thirty Watt engines of both types were being used at 
collieries and twenty-two at copper mines. In 1785 it was 
used to drive a flour null. In 1787 came the first application 
to cotton-spinning and by 1800 there were eighty-four 
Watt engines in cotton mills, after which date steam-power 
became common in the industry. By 1850 cotton mills were 
using 71,000 horse-power of steam, against 11,000 horse- 
power of water-power. If the reader will glance back at the 
export figures already quoted, he will see that the general 
introduction of steam allowed an even greater expansion of 
the industrj' than did the original inventions of the sixties 
and seventies. Wool-spinning was more backward and was 
only using nine of the engines by 1800, Large-scale power 
weaving belongs to the nineteenth century, but by 1789 a 
Cartwright loom was driven by steam. In 1796 Wilkinson 
ordered anothei engine to drive a rollmg-mUl and by the end 
of the century there were twenty-eight Watt engines in 
foundries and forges. In 1802 appeared a steam-driven 
thresliing machine. In 1811 power was first used in printing. 
These examples wfll show how great the need for power was 
and how much the further progress of industry was helped 
by the satisfaction of that demand by Watt’s engines. 
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The subsequent history to and beyond the rise of the 
modern high-speed reciprocating engine after 1870 would 
require a book to itself. Here we can only note the 
beginnings of two important developments. The compound 
engine was first used by Homblower in 1 78 1, but it had to be 
abandoned because it infringed Watt’s patent. After the 
expiry of the patent in 1798 compounding was reintroduced 
by Woolf in 1804. Watt’s engines were still primarily 
atmospheric engines, working at little above atmospheric 
pressure. The transition to the modern engine working at 
high pressure depended on improvements in iron-working 
towards the end of the century. Murdock, a workman of 
Watt’s, made a successful model in 1784, but the significant 
development of high-pressure engines begins with the work 
of Trevithick in England and Evans in the U.S.A, about the 
turn of the century. 

In all the applications of the steam-engine mentioned 
above, the method of driving was obvious — the machines 
were previously driven by some rotary mechanism, such as 
a water-wheel, and it was only necessary to attach a rotative 
engine instead. But with one other application which reached 
considerable success before 18 ij the method was less 
obvious — the application to shipping. Ships were driven by 
sails, oars or paddles, and none of these are in any obvious 
way adaptable to a steam-engine drive. It is therefore not 
sutprising that many weird devices were used. John Fitch of 
theU.S.A., for example, in 1785 designed a steamboat driven 
by an endless chain of floating boards — a sort of naval tank- 
track — and later adopted a set of paddles moving like 
those used in canoeing. He also suggested jet-propulsion 
in 1790 and the same system was proposed on numerous 
occasions and even tried out by Rumsey, who in 1793 
succeeded in dchtii^ a jet-propelled boat on the Potomac at 
fbut ’HJcae moite fantastic experiments were soon 

)e:ti<pfapulsion was to reach limited suc- 
<m fiJK ^ impart &om i» recent application 
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in the air) and only two remained — the paddle-wheel and 
the screw. 

The paddle-wheel was occasionally used for propulsion 
even before the advent of steam, being driven by human 
power through cranks or capstans. Various proposals and 
attempts were made at paddle-boats driven by engines of the 
Newcomen and Wart types, but without notable .success 
until 1788, when Miller and .Symington built a paddle-boat, 
which on trial on Dalvinston T.och reached a speed of five 
m.p.h, Symington carried on the work and built the 
Chitrlotte /D////</rtr(Figurc 3 1), which in 1 802 towed two 70-ton 
barges ic).J miles in six hours against a headwind so strong 
that no other vessel on the canal dared to move. The greatest 
of the pioneers, however, was Robert Fulton, an American 
citizen who worked in France and England, but acliicved his 
successes after returning to the U.S.A. He used a very scien- 
tific approach, making experiments on water resistance and 
similar topics. His Ckrmont of 1807 created a sensation by 
steaming tjo miles from New York to Albany in thirty-two 
hours. Theteafter steam navigation on rivers in the U.S.A. 
made rapid progress and was thoroughly established by 1 8 1 j . 
In Britain progress was slower till about 1830, and in 1815 
the country had only tv'cnty steamers. Incidentally the first 
American steam-driven warship was launched in 1814; 
Britain did not follow suit till 1833. 

Britain regained the lead as steam conquered the oceans. 
The first steamer to cross the Atlantic was the Savannah in 
1819, but she was primarily a sailing vessel using steam as an 
auxiliary, and the same applies to several later crossings. It 
was commonly held that steamers were useless for long 
voyages, because the ctial they would have to carry would 
reduce the payload too much. These ideas were ^'spelled 
when the British Great Western in 1838 created a ttans- 
atlantic record of fifteen days in a race with another vessel 
far the honour of establishing the first regular trans- 
atlantic service. Thereafter the position of steam was 
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MEN, MACHINES AND HISTORY 

secured; large shipping companies with steam vessels came 
into being — the Cunard Line, for example, was established 
in 1840. 

These vessels were of wood and paddle-driven, but about 
the same time the screw and iron construction were begin- 
ning to appear. The screw had been tried at vatious times 
since 1796 (and indeed had been proposed even earlier). Only 
towards the middle of the nineteenth century did it come 
into tegular use and there is much doubt as to which of the 
many claimants should be given credit for making it a 
practical mechanism. The critical step forward is usually 
taken as the patents of liticsson and Smith in 1836 and the 
first really successful use as that by Smith on the Archimedes 
in 1839. Perhaps it would be more just to give the credit to 
the designers of engines working at higher speeds, for 
undoubtedly with the slower engines of earlier years the 
screw was bound to be less efficient than the paddle-wheel. 
After experiments dating from 1787, iron construction 
became common about the middle of the nineteenth century. 
The first steel ship was laimched in 1863, and from 1874 
steel has completely replaced iron. The use of turbines and 
diesels as power units completed the transition to the 
modem ship, which binds the world into a single unit in 
which national divisions become more and more artificial. 

While these great industrial changes were going on, an 
equally important agricultural revolution was taking place — 
indeed the growing industrial population could not have 
been fed without great agricultural changes. The more 
important agricultural advances were in su^ things as the 
introduction of new crops, new methods of rotation of 
crops and so on, but mechanical matters also played their 
part. The form and construction of ploughs improved 
rapidly from die invention of the Rotherham plough in 1730, 
naid About the turn of the century ploughs made wholly of 
Iron bOigaOi' to appeer, coming into common use about i8ao. 
seedff'drilSt, which opens a furrow, inserts the seed and 
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covers it, is a great improvement upon the traditional 
broadcast sowing. Various forms of drills had been tried in 
the sixteenth and seventeenth centuries, but its real develop- 
ment began when Jethro Tull (famous for his part in all 
aspects of the agricultural revolution) strongly advocated its 
use in the decade 1730-40. Tull’s drill bore little resemblance 
to a modern machine, but an essentially modern drill was 
invented by Cooke in 1782, after which the drill developed 
rapidly. Threshing was the only aspect of agiiculture to 
which power, other than that of animals, was applied until 
near out own times. In 1636 Van Berg patented a thresher 
consisting of several flails operated by cranks. In 1732 
Michael Menzies invented a water-driven thresher, which 
according to his advertisement would ‘give more strokes in 
a day than forty men and with as much strength*. This had 
some success, but the first really useful thresher was that of 
Andrew Meikle, working on the rotating dmm principle, 
invented in 1786. Threshers were adopted widely in the early 
nineteenth century and from 1802 began to be steam-driven. 
A rotary chaff-cutter was invented by James Cooke in 1794, 
and about the same time a machine was used in Germany for 
slicing potatoes for cattle. 

All the developments we have described in this chapter 
depended, of course, on improved methods of producing 
and working metals, but tWs subject we shall leave for 
special discussion in Chapter VIII. Besides, there were many 
minor inventions, such as the modern water-closet (Bramah, 
paper-making machinery (i 798), and a most ingenious 
tumbler lock by Bramah in 1784, so secure that despite a 
substantial reward it was not picked till 18 j i and even then 
look fifty-one hours’ work, but even more significant 
because its fineness and intricacy played a key part in the 
development of more accurate machining methods. Printing 
with rollers was developed by Koenig, and in 1814 his 
presses began to print The Times at the rate of 800 sheets an 
hour — the beginning of the cheap and plentiful newspapers 
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(now printed at 20,000 copies an hour'), so essential on the 
one hand for an informed democracy, so amenable on the 
other to use by interested parties to mislead the public. And 
in addition this period saw the first significant achievements 
in various lines that were to be fully developed in the- 
ninetcenth and twentieth centuries; the beginnings of 
balloon and even tlirigible flight, of electrical devices, the 
first steps in the mechani/ation of agriculture, in coal- 
cutting machines for the mines and the first achievements in 
mass-production methods . 

The social elTects of these industrial changes arc probably 
better known to the reader tlun any previous ones. The most 
obvious ate evil. 'I'he superior efficiency of machines drove 
hand-workers out of employment. When they sought work 
again in factories, their wages were continually depressed; so 
much so that all the family had to work and even toddlers 
worked long shifts in cotton mills. Working conditions were 
foul. Hours of work were long — twelve or even sixteen a 
day — perhaps Ho longer than they had worked as spinners in 
their own cottages, but then they had worked freely, choosing 
their own periods of rest, while now they were subject to the 
relentless discipline of the factory which waited for no man. 
Housing conditions in the new towns that sprang up round 
the mills were as bad as working conditions. Individual 
houses wete, perhaps, no worse than the cottages they had 
lived in before, but sanitary conditions that will do for a 
village are of no use for a crowded town, and housing 
methods utterly failed to cope with the new problems. 

Perhaps most obvious of all was the mass unemployment 
of displaced craft workers, only slowly absorbed by the 
expanding factories. Such unemployment (at this period) was 
only tempotaryj but it was nevertheless serious to those 
displaced. Machines, it seemed, wete the cause of that 
unetnploymeGt, Tliey did work formerly requiring many 

tTtetftftdBrfttowiyprtWj however, developed from that invented by Hoe 
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hands. Small wonder that the craftsmen turned a;.fainst these 
machines. In 1663 and again in 1767 (hey wrecked mechanical 
sawmills which had been crectctl in Lundon. There were 
ri(Jts against the ribbon loom in 1676 and stocking frames in 
1710. John Kay had his home wrecked in 1753 and was 
forced to leave the country. In 1 768 the Blackburn spinners 
destroyed Hargreaves’ jennies. In. 1776 anil subsequent years 
.sv.steniatic at tacks were made on Arkwright’s machims. The 
introduedt)!! of pnwer-wea\ ing in Nottingham was followed 
by riots in 1811-12. Cmtmpton had to go into hiding. And so 
all over the country, wherever the new machinery was intro- 
ducetl. Such methods could not, hr)wever, .solve the 
problem, and it w'as not until the nineteenth century that the 
workers found the real way forward. 

But behind all this open misery, the machinery and the 
factory system w'ere also bringing immense benefits. They 
made available far greater quandties of all commodities. The 
workers, of course, did not automatically get their share of 
these goods — they had to learn how to fight for it — but they 
did get some share, and living condidons on the whole did 
improve, after the black period of the first few decades. 
The best index is perhaps population, which in England and 
Wales rose from millions in 1750 to over 10 millions in 
Part of the rise was due to a rise in the birth-rate, but 
more to a fall in the death-rate, which was a sign of better 
health and a rising standard of living. These in turn came 
partly from the increased productivity of the machines, 
though it must not be forgotten that the parallel revolution 
in agricultural methods W'as equally important. In a London 
lying-in hospital between 1749 and 175 8 one mother in every 
forty-two and one child in fifteen died; in 1799-1800 deaths 

^ The effect of industrkl rtunRCs tm the size of psipuUtic m b licttcr brought 
out bj' compztinii; the avcr.jj'c znnual incic.'i'.e over various pei iods. Between 
1483 and 1700 the a\et.igc anmul incrtjsc per thousand of population w-is 
0.7; between 1700 and 1750 it w.i.s 3.3 tKt thousand; then as the effects of the 
Industrial Revolution became mon. nuikcd,it lose ijuicl.ly to 8.5 in 1750 -18 1 1 
and la.S in 1811-5 t. 
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had been reduced to one mother in 9 1 4 and one child in 1 1 5 . 
Partly, this shows that the mothers coming in were healthier 
and better fed. Partly, that medical knowledge and medical 
service had improved — ^but that in turn owes something to 
the fact that increased industrial and agricultural produc- 
tivity allowed a greater number of men to withdraw from the 
production of essentials and devote themselves instead to the 
study and practice of medicine. 

Thus, in spite of their black side, the industrial changes 
of the seventeenth and eighteenth centuries did mean a 
tremendous step forward for mankind, a step towards the 
position in which we find ourselves today with the prospect 
of eliminating poverty for ever and providing for all the 
material essentials on which to base a full and happy life. 


CHAPTER VII 

THE SECOND INDUSTRIAL REVOLUTION: 

MATURITY (1815-1918) 

In the eighteenth century Britain was the only highly 
industrialized country. That is why almost all the inventions 
described in the last chapter were of British origin. But by 
the end of the century other countries were developing in- 
dustrially. The French Revolution of 1789 swept away the 
hindrance of feudal structure, as the English one of 1640 had 
done, and did it mote suddenly and completely. The people 
of the American colonics gained their independence from 
Britain in 1785 and the United States was soon on the way to 
industriasHzation. Other countries followed at various times. 

Once free of restriction, the industries of these countries 
began to gsow as tjbat of ^gland had done. And as industry 
grew, so also did fhdU citizens turn to science and invention 
to provide better IndustrisI methods. Already we have 
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m)tioed how die U.S.A. took the Lad in sieam navigation 
within a few years of winning thcit indcpcndentc. I’tance 
and thcU.S. A. figure as prominently as England in the present 
chapter and towards the end of it Germany also comes to the 
fore. In France in particular, the complete and uncompromi- 
sing revolution was followed at the beginning of the century 
by very conscious eftoits to encourage inventions and raise 
the level of industrialization. Napoleon on hearing of a 
project by Fulton for .steam navigation, wrote to his Min- 
ister of the Interior in July 1804; ‘1 have just read Citizen 
Fulton’s project, which you have delayed sending much too 
long, for it seems capable of changing the face of the world. 
In any case, I request you to has e the matter enquired into 
at once by a committee composed of members of the Academy 
who are authorities on European science. A great phjsical 
truth is here disclosed to me; it is for these gentlemen to see 
it and make it serviceable. Send me the report if possible 
within a week, as I am burmng to hear the result — ^N.’‘ Such 
direct interest of political leaders in invention, because it w'as 
‘ capable of changing the face of the world’, was a quite new 
phenomenon and indeed was not to be paralleled until after 
1917 in the U.S.S.R. The Soeiite d’Encouragemmt pour 
I’ln^str/e Nettionak subsidized inventors, offered prizes for 
important inventions (their prize offered for the construction 
of a practical water-turbine was largely responsible for the 
early lead of France in that field) and compiled critical 
reports on inventions with respect to both their technical 
e.'ccellence and their economic and social effects. In thcU.S. A. 
the interest of political leaders in technology was nearly as 
great. Thomas Jefferson was intere.sted in mass production 
methods and also applied mathematical methods to working 
out the best shape for plough mouldboards. Benjamin 
Franklin was at once America’s first noted scientist and one 
of her greatest diplomats. George Washington himself 
experimented with the mechanical sowing of grain. In 
‘The Academy turned down the proposal. 
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Britain the inventor was left to take cate of himself, though 
voluntary organizations like the Royal Society of Arts did 
something to help; liut Britain’s lead by the beginning 
of the nineteenth century was such that she was able to 
maintain her place almost unchallenged until near the 
end of it. 

The period 1815-1918 saw the development of steam 
navigation on an ocean scale (see Chapter VI), the growth of 
the railway, the completion of the mechanization of textiles, 
the development of several prime-movers — the water- 
turbine, the steam-turliinc, and the internal combustion 
engine — the appearance of tlic motor car and the aero- 
plane, the development of electric power, the telegraph, 
telephone and radio, much progress towards the effective 
mechanization of agriculture and of coal-mining, besides 
many hundreds of minor advances. Itwas so fruitful a period 
that in this book we can do no more than skim over its 
surface — a full history of the mechanical inventions of the 
period would require volumes to itself. 

Few innovations have had more far-reaching effects than 
the railway — that is, the steam-driven public railway, for 
railways as such arc of much older origin. We have already 
noted in Chapter V (see especially Figure 19) that railways 
were used at German mines in the sixteenth century. The 
railway provided a cheaper and more efficient mode of 
transport at mines than the ordinary cart running on a 
necessarily very imperfect road. As industry grew, the 
number of such railways grew too. Gradually they w'ere 
improved, b) covering the original wooden rails with iron 
plates (hence the terra ‘platelayer’), and eventually by the 
total substitution of iron for wood. By die end of the 
eighteenth century sudi railways were common at British 
mines and also at fonndrics, where transport was equally 
heavy. The Dai^jys* ironworks at Colebrookdalc, for 
h# 3 i ahodt twenty miles of railways. All these were 
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The next great innovation was the chiving o' railways by 
steam. The earliest steam locomotives were not intended for 
use on railways, but as toad carriages. Proposals for steam 
carriages go back to the late seventeenth centurj'^, but the 
first steam carriage to achieve even limited practical success 
seems to have been that of Cugnot in 1770. It was sound in 
conception but defective in proportions, so that it ran at 
aj m.p.h., but stopped every thirty yards or so to get up 
more steam. Muidock made a highly successful model in 
1784. But the real pioneer was Richard Trevithick, who 
worked on the problem from about 1797, produced moder- 
ately successful road carriages, and then conceived the idea 
of applying this new method of haulage to the railway. He 
probably did not envisage the public railway we know 
today, merely tlie idea of using a new and better method of 
haulage for the railways that connected with the mines and 
ironworks. In 1803 he built a locomotive for the ironworks 
at Colebfookdale and in 1804 another for the Pen-y-Dairan 
ironworks, which pulled ten tons of ore and seventy 
passengers at five m.p.h. These early locomotives weie not 
vet}' successful, but the need for a better haulage system on 
the railways became generally felt in the next few years and 
many men worked on the problem. Of these George 
Stephenson was outstandingly successful and it was he who 
established the railway system as we know it today. He 
built his first locomotive (for a colliery) in 1814; shortly 
afterwards he made the important innovation of chimney 
blast. Thereafter by careful analysis and brilliant workman- 
ship he rapidly improved tlie eflicicncy of his engines. 

At the same time a now idea was developing' — that of the 
public railway. One such was in use carrying merchandise 
between Wandsworth and Croydon in i8oi. It used horses 
for traction; the idea of steam traction was then little known 
and the rSttway was merely a method of using horse tmetion 
to better effect than was possible on the roads. Transport 
problems in the new, more highly industrialized England 
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were becoroiag acute — the roads were poor, road transport 
costly, and though canal transport was cheap the canals were 
seriously overburdened. That was the background against 
which a Bill was put before Parliament in 1 821 for a railway 
between Stockton and Darhngton to be worked ‘with men 
and horses or otherwise’. There was stiU general doubt as 
to whether the steam locomotive could do the job. But 
Stephenson convincingly demonstrated that it could and the 
railway was opened in 1825 with locomotives of his manu- 
facture. 

Meanwhile the cotton manufacturers of Manchester had 
been iintUng that the Liverpool-Manchester canal was in- 
adequate to carry the enormously expanded export trade that 
we noted in the last chapter. A Bill was put before Parlia- 
ment in 1825 to sanction a railway between those towns — 
and was defeatedi It was defeated by organized opposition 
of the landowners, who objected to this spoiling of their 
estates, and the canal owners and turnpike owners, who saw 
only its potential effects on their own interests. A campaign 
of vilification was started, in the Press and by special 
leaflets; cows, frightened by the trains, would yield no milk; 
smoke from the funnels would kill the birds; sparks would 
fire houses; boilers would burst and kifl the travellers, and so 
on. By such tales and by much lobbying, the vested interests 
defeated the Bill. At the same time they organized sabotage 
and even armed attacks on the men who were surveying the 
line. Then came the success of the Stockton-Darlington 
line and that, aided by an expenditure of £27,000 by the 
railway interests, got a second Bill for the railways passed 
in 1826. 

A competition was held in 1829 to decide whose loco- 
motives should be used for the line. Stephenson’s ‘Rocket’ 
(Figure ja) wais tfae only one that satisfied the conditions. On 
the day of tfee ttial it pulled thirty passengers at 

JO m.pJh. Thti litis NMSs opened in 1S30 and the steam railway 
was ssiab&hed as primary mode of inland transport for 
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nearly a century. Yet opposition continued to hold back 
development and by 1838 only 490 miles had been laid in 
Britain. Then came the railway boom, and the milage 
reached 1,900 in 1843 and 5,000 in 1848. 

The railways opened up possibilities of travel to wider 
classes than ever before. But far more important were their 
effects in relation to further industrial developments. The 
railways became tlie arteries of industry. The industrial 
trend that we shall discuss in subsequent pages, demanded 
more and more the centralization of production in large 
units. The benefits of industrialization depended on a trans- 
port sjsteni which could carry raw materials and finished 
products where they were wanted. The railway on land and 
the steamship at sea provided this transport. 

The water-turbine has a longer and more complicated 
evolution than most previous inventions. Its evolution can 
be traced back to a primitive form of horizontal water-wheel, 
which appeared in the fifth century or possibly much earlier. 
With the earliest rise of modern mechanical methods various 
improvements took place in the design of such wheels all 
leading gradually in the direction of the turbine. One of the 
earlier modified wheels was proposed by Leonardo and in the 
seventeenth and eighteenth centuries many more followed, 
some of them being used fairly widely in practice. But though 
the general idea of the turbine, in which the water would act 
on blades in a close-fitting casing, was simple and though the 
obvious possibilities of greater efficiency than the com- 
paratively crude water-wheel provided an incentive, yet 
there were many difficulties to be overcome. The details of 
the correct shaping of blades and casing were very far from 
obvious, and unless these were correctly designed, the 
turbine could not fulfil its promise. Thus, ultimate progress 
depended very greatly on theoretical investigations in the 
light o^he rising science of hydro-dynamics which were 
made by a number of men in the second half of the eighteenth 
centetry. These led gradually towards a sound grasp of the 
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essentials of turbine design. Indeed Hulcr, as a result of his 
theoretiealwork (1750-4), was able to produce a crude form of 
turbine, which did find some commercial application, though 
it was not yet good enough to be of general significance. 

The other great dilficulty was an engineering one — a close 
fit of comparatively fast-moving parts was necessary if the 
turbine was to be reasonably efficient. The engineering 
experience of the eighteenth century provided at last the 
possibility of sufficiently accurate workmanship and so it is 
in the early nineteenth century that we find the turbine fast 
becoming a practicable proposition, as a result of the efforts 
of many workers, almost all in France. Then in 1823 came 
the offer by the SocUto d'EncoJira^emnt pour Vlndustrie 
Rationale of a prize for a perfected turbine and with this 
added incentive the efforts of inventors were redoubled. 
Part of the prize was awarded to Burdin in 1827, but the 
real credit for the perfected turbine belongs to Fourneyron. 
Jlis first turbine, of 6 h.p., was produced also in 1827. By 
1832 he had produced a perfected version (the actual turbine 
was of 50 h.p. and was used to drive a forge-hammer), and 
vvas awarded the prize of 6000 francs. The turbine there- 
after expanded very rapidly in size, reaching 800 h,p. by 
1855. It later found its main application in electric power 
generation. 

The story of electricity, whose application to many uses is 
one of the greatest achievements of the nineteenth century, is 
likewise one of long evolution, the result of the efforts of 
many men. Here wc must skip the early developments and 
begin with the discovery of the Voltaic cell in 1800. This cell 
gave for the first time a continuous current, the first essential 
for practical application and the basis on which scientists 
could discover the important properties of electric currents 
and then learn how to apply that knowledge. Thereafter 
development tattreraeiy fapid. The principle cf’the arc 
lamp was dheo^ted by Ehivy in 1808; Faraday discovered 
thn ptfawSples of the electric motor in 1822 and 
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ctf the dynamo in 1831. Also in those years were disonxrerl 
the fundamental properties on which the telegraph, the 
telephone and many other appheations were to be based. 
But electricity was no easy tool to master and decades passed 
before really practical results were obtained. 

The first important application to be brought to success 
was the telegraph — paitly because the practical problems 
here were simpler than, say, for electric lighting, partly 
because the need was more obvious and insLstent. With the 
growing commerce of the times, speedy means of communi- 
cation were much to be desired and after the advent of 
railways the need for some method of informing the signal- 
man ahead of the tiain’s progress was a very pressing one. 
Various methods of rapid communication were in use — 
carrier pigeons, or ‘telegraphs’ based on the sending of 
visual signals along relays of stations, but none was 
satisfactory. From the beginning of the century and, in a 
desultory way, even before, many men sought for an 
electric telegraph but it was not till 1837 that success was 
achieved independently in the U.S.A. by Samuel Morse and 
in England by Cooke and Wheatstone. In 1838 Morse tele- 
graphed ten miles while the Cooke and Wheatstone sy^item 
was installed on the London-BIackwall railu-ay. In 1851 the 
Dover-Calais submarine cable was laid; and with the 
establishment of a transatlantic service in t866 after many 
tribulations, the telegraph became a means of communication 
on world scale. 

If men could communicate signs over long distances by 
electricity, it was natural that they should seek the more 
convenient method of transmitting actual .speech. The finst 
to succeed was Phillipp Reis in rSfii, but his apparatus, 
though it worked in a limited way, was little more than a 
curious toy. And it was not rill 1 876 that a practical telephone 
was invShted by Alexander Graham Bell of the U.S. A. Within 
a few' years his telephones w'cte in use in all the advanced 
countries of the world. Improvements came hard on each 
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Other’s heels: improved microphones by Edison and 
Berliner in 1877 again by Blake in i88o, and the auto- 
matic exchange in 1887 (though this came but slowly into 
use). By 1876 Bell had transmitted over two miles; by 1880, 
forty-five miles was reached and by 1892 the New York to 
Chicago line of 900 miles represented the economic limit 
that could be achieved until the use of inductive loading in 
1900 and later of relays depending on thermionic valves 
(developed in connection wiA radio) practically removed all 
limits of distance, so that by 1913 a line of 2,600 miles joined 
New York to Salt Lake City. 

If the telegraph and telephone changed the world by 
making possible instantaneous communication over the 
whole globe, even more revolutionary possibilities were 
implied in the transmission of power by electricity. It makes 
power available for small units— household appliances, for 
instance, or individual drives for factory machines, elimina- 
ting the cumbersome, inefficient and noisy shafting, ending 
the need to concentrate machines round the steam-engine. It 
provides the possibility of moving the factory out of the 
crowded towns, away from the coal wharf to which it was 
formerly tied, and into the countryside, where, in healthier 
conditions, it can still get its power from electricity. Or 
alternatively, if the factories must for other reasons remain 
concentrated in cities, it gives the opportunity to burn fuel 
elsewhere, transmit electric power to the city and so keep the 
city clean and healthy. These possibilities have not yet been 
fuUy utilized, though a beginning has been made; but the 
opportunity is there for future generations to grasp. 

In point of fact the pioneers of electrical transmission of 
energy were not thinking of such possibilities; they were not 
to any great extent concerned with the transmission of p ower 
at all. Thek main concern was electric lightingjjjerhaps 
oattiy because that problem was somewhat siraplK, partly 
faewose g^ligbl^ (I^ondon’s Gas light and Coke Com- 

i8ia) provided an obvious 



THE SECOND INDUS! RIAL REVOLUTION: MATURITY 

precedent. The dynamo, whose principle was discovered by 
Faraday in 183 1, was developed by a whole scries of workers 
over the next fifty years. Davy’s arc lamp was turned into a 
practicable commercial possibility by Foucault in 1844 and 
others after him. Arc lighting came into use for special 
purposes. It was installed at Dungencss lighthouse in 1862. 
In the years 1870-80 it was widely used and in 1878-80 it had 
a definite boom, being used to light railway stations, docks, 
theatres and even streets. 

But it was in just those boom years, no doubt partly 
because of the b<iom, that the more efiicient and convenient 
system of incandescent lighting was established. Like many 
other electrical developments it had its beginning in the 
early nineteenth century; De La Rue produced an incandes- 
cent lamp of platinum in 1820. But it was the work of Swan 
and especially Edison between 1878 and 1880 that made a 
practical proposition of the incandescent lamp with carbon 
filaments. Edison’s contribution was much more than a lamp. 
He put almost the final touches to the generator, so that by 
1882 the generators in use were essentially those of today, 
apart from the carbon bmsh introduced in 1883 and certain 
improvements in winding and, of course, vast changes in 
size. Edison also worked out the by no means obvious 
system of distribution by cable and wiring circuits. After his 
work the industry expanded, possibly more rapidly than any 
industjc}' had ever done before. The first commercial instal- 
lation was made in 1880 on a ship, the first on land (a 
private installation) in 1881. The first public lighting supply 
was opened at Appleton, Wisconsin, in the same year, with an 
output of about 1 h.p. I The first station in England was 
opened in 1881 at Godaiming in Surrey. Then in 1882 came 
the opening of the famous Pearl Street Station, New York, 
which finally established the method of electric supply to any 
consumdHn a district, followed rapidly by several otliers. By 
the end of the year nearly eighty electricity companies were 
founded in En^and, though few had yet begun to operate. 
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In, 1883 the fiist public electric railway was opened— 
between Portrush and Giant’s Causeway in Ireland. 

Hydro-electric gcnciation had been used at some of the 
earliest stations in 1881-2, but the station which established 
its value was that at Niagaia, begun in 1891 and put into 
operation in 1897-8. Soon the generation of electricity 
became the principal application of the water-turbine. 

Until about 1 890 very little use was made of electricity for 
power. Thereafter the impiovemcnt of the clcctiic motor and 
more especially the use of the polyphase system (developed 
by Tesla from 1887 on and fust applied on a large scale at 
Niagara in 1897-8) brought about the rapidly increasing use 
of electric power. 

The early central stations, working on direct current at 
low voltage, could distribute over a radius of only a few 
hundred yards. The station had to be in the centre of the area 
served. To gain the full advantages of electric power it 
should be generated at some convenient point where fuel or 
water-power is easily accessible and thence transmitted to the 
area where it is required. Thk requires alternating current, 
generated at a high voltage. A lead was given by Ferranti in 
1889 10,000-volt generators at Deptford, whence 

power was transmitted to Central London. But small local 
stations remained comrnon for decades. Indeed it took 
Government action, in the form of the Act of 1926 which set 
up the Grid, to secure anything like general adoption of 
Ferranti’s policy in Britain, while other countries showed 
little if any mote progress. The greatest benefits of all arise 
when the electricity can be transmitted over really long 
distances— up to about zoo miles in present general practice. 
Marcel Duprez experimented verj'^ early on long-distance 
transmission and in 1882 covered nearly forty miles. The 
system was adopted in such cases as the Niagara power 
station, but its gflaml use belongs to the intcr-r'.lr period. 

One bf tbse tobt* important elements in electric power 
ill tfee iteSieU-turisine. It will be recalled that two of 




Fig. ^6. A chain-npe coaT-aitta. 
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tlic earliest schemes for steam-engines (neither of any 
practical significance) were for turbines — those of Hero and 
of Branca. With the success of the leaprocatmg engine, 
attention was diverted from the turbine, and by the same 
time good engineers, with their increasing knowledge, had 
come to realize the tremendous difficulties of making any 
workable turbine. Speeds would have to be enormously 
beyond anything then ptacticable and the engineering 
cliiricultics of ensuring a close fit at such speeds remained 
beyond practical possibilities until the late nineteenth 
ccntui y. James Watt put the matter neatly when he replied 
to fears expressed by Boulton concerning the effect of a 
proposed turbme on their business; after a few calcula- 
tions he remarked ‘without God make it possible for 
things to move 1,000 feet per second, it cannot do much 
harm’.'*' 

Nevertheless, the turbine, if it could be made practicable, 
had certain obvious advantages — ^it promised higher 
efficiency and greater power, it would eliminate the rather 
round-about process of converting the energy of steam into 
rotary motion via reciprocating motion. Thus several 
attempts were made in the latter half of the nineteenth 
century to produce workable turbines, but none was 
successful until that patented by Charles Parsons in 1884, 
Parsons developed the turbine chiefly in relation to elec- 
tricity generation (though his patent shows that he had 
other purposes also in mind from the beginning). The first 
turbine (Figure $3) was used to drive a small generator and 
gave satisfactory results- Many turbo-gcncratots were built 
for small installations in factories, ships, and so on. After the 
incorpoiation of condensers in 1 892 and other improvements, 
the turbine rivalled the reciprocating engine in efficiency and 
was rapidly adopted for central generation of electricity, 
ThereaftdWt soon surpassed in both size and efficiency the 

^ The gesdng tn Btanca’s pivposal (Tlgute 23} voxf jbdjuce that even be 
bad some vague idea that fii|^ speeds 'wete inv^yed. 
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Utmost limit possible with the reciprocating engine. By 1912, 
turbo-generators of 25,000 kW. (about 33,000 h.p.) had 
been reached, whereas the maximum power obtainable 
from a reciprocating engine is about 8,000 h.p, — and that 
only in the special conditions of the triple-expansion 
marine engine. 

It was to marine engines that Parsons next turned his 
attention, for this was the only other large field that could 
make use of the full potentialities of the turbine, especially in 
regard to size. He constructed a small launch, the Turbinia, 
which created a sensation at the Naval Review of 1897 by 
reaching a speed of thirty-four knots, against the twenty- 
seven knots of the fastest destroyers in existence. In the 
following years the turbine was tried in various vessels of 
the Navy, with such success that in 1905 the Admiralty 
took the decision that turbines should be used exclusively 
on all classes of warships. Meanwhile the first merchant 
vessel with a turbine was built in 1901 and soon mrbines 
were accepted as the best drive for all fast ships — ^the 
Lusitania and the hUuretania were launched in 1906, each 
with four turbines totalling 70,000 h.p. From 1909 onwards 
Parsons developed the system of driving the propellers 
through reduction gearing and thereby made possible the 
use of turbines in slow cargo vessels. 

To use fuel directly in a cylinder is a simpler idea than the 
more complex cycle of fire, boiler and cylinder involved in 
the steam-engine, so that the earliest attempts at internal 
combustion engines occurred in the period just before the 
practical steam-engine arose. Huygens’ attempts to produce 
a gunpowder engine about 1680, followed up by Papin about 
1690, have already been referred to in Chapter VI. But if the 
concept of an internal combustion engine is simpler than 
that of a steam-engine the practical problems of making it 
work are wnch i^eater; thus the arrival of tjGe practical 
atv end for a tune to work on the internal 
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Nevertheless the internal combustion engine presents 
certain features which were bound to lie attractive to 
inventors — ^its greater simplicity in principle, the possibilities 
of lightness and smallness arising ftom the elimination of 
fire-grate and boiler, the promise (not to be so easily 
realized) of greater eflicicncy through eliminating the loss in 
the chimney, boiler and steam-pipe system, and the possi- 
bility of conveniently producing engines in smaller units, 
suitable for the small factory or workshop (whereas the 
economical use of steam was confined to larger establish- 
ments). For these reasons renewed attempts were made from 
the last decade of the eighteenth century onwards to con- 
struct internal combustion engines of various types. The 
coming of coal-gas provided a suitable and readily available 
fuel and from the twenties the gas-engine became more and 
more practicable, attaining gradually increasing commercial 
success from i860 on, till the Otio ‘Silent’ gas-engine of 
1876 completed its main evolution. The gas-engine, with its 
adaptability to small-scale use, allowed power mechaniza- 
tion of many smaller industries, just as the steam-engine 
had done for the larger ones a century before. However, the 
growing use of electric power around the turn of the century 
largely replaced it in this important field and, although very 
large units using blast-furnace gas were developed with 
efficiencies greater than steam in suitable circumstances, yet 
from the point of view of present-day machinery the gas- 
engine is chiefly important as a step on the way to the petrol 
and oil engines. All its principles were emljodied in the 
latter, which have thus a more rapid evolution. Petroleum 
in large quantities had been discovered in 18 j 8 in Pennsyl- 
vania and from 1873 onwards petrol engines were attempted 
and Daimler’s engine of 1885 marks the beginning of the 
modem pqjwil engine — though many essentials, like electric 
ignition, were still to be added. 

Almost conairrently attempts were made to use heavier 
and heavier oils. The Priestman brothers of Hull were 
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successful with refined mcdiutn oils about 1885 and about 
1890 the Ackroyd Stuart engine for the lighter crude oils was 
developed. Diesel’s main patent was dated 1892, though it 
was several years before a workable engine was produced. 
The Diesel engine used the crudest of crude oils. It reali2ed 
at last the dream of an oil engine which should be mote 
efficient than steam, and was soon expanded to sizes where 
it could rival steam in electricity generation and ship propul- 
sion except in the very largest units. By 1930 a considerably 
greater tonnage of new slipping was being powered with 
Diesel engines than wifh steam. 

The efl'ccts of the petrol engine were most revolutionary 
in the field of transport, first on the roads and later in the air; 
its lightness in relation to power made it pre-eminently 
suitable for this field. Mechanical road transport does not, 
however, begin with the petrol engine. The steam-carriages 
which we mentioned above in connection with the railways 
began almost concurrently with the effective establishment 
of the railways to reach a reasonable degree of practicability. 
By 1831 there were twenty such carriages operating for 
public transport in or near London with speeds from five to 
thirty miles per hour. The growth of the railways, however, 
made such transport uneconomic. And when, about the 
nuddle of the century, steam-carriages had been sufficientiy 
improved to become once more a rival, the combined 
opposition of railway and coaching interests succeeded in 
obtaining restrictive legislation in England which made 
steam transport by road well nigh impossible. The Act of 
i86j required that each vehicle should carry at least two 
drivers and restricted speeds to ten miles per hour in the 
country and five miles per hour in towns. The Red Hag Act 
of '186 j reduced these speed limits to four and two miles per 
hour i^pcctively and required that a man carrying a ted flag 
a ted knteen should walk sixty yards ahead dr the vehicle, 
thist iwiy fhe interests of the railway companies were 
A iiatdiy surprising result was that the main 
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initial invcntiont. connected with ihc motor car were made 
outside England. J ingland could not compete till the Red 
Flag Act was repealed in 1896. 

The first petrol-driven car was that of Benz in 1878, but 
the really significant achievement was Daimler’s car, about 
1889, using his engine of 1885 already mentioned. Other 
inventors soon followetl with other cars. Petrol buses and 
lorries appeared about 1904. The rest of the story of the 
motor car is not so much a tale of invention as the tale 
of the application of mass production methods to make 
widel) availalilc machines; it is therefore postponed to 
(lhaptet VIII. 

With many of the inventions we have described it is 
clear that they were acliicved at some particular period 
because general social conditions had fairly suddenly estab- 
lished a great need for them; many inventors responded with 
their efforts to satisfy diis need and one or a few of them were 
successful. The history of flight is diffetent. It is, of course, 
true that there was more practical gain to be achieved from 
flight in the industrial era of a.d. 1900 than at any previous 
time. Nevertheless, man’s desire to fly has been in most 
periods so great that we have to say that the reas’on why 
practical flight arrived no earlier than it did was not a lack of 
general desire, implying lack of incentive for the inventor, 
but lack of ability. The technical problems of flight, mare 
than any previous mechanical achievement, were such that 
their solution could only be built on the results of centuries 
of engineering experience and scientific analysis. 

^Mankind fii^t sought to fly by magical means. Then the 
great change from faith in magic to faith in machines that 
took place in the Middle Ages and early modem times 
brought about a change of tactics. Thereafter men tried to 
construct suitable machuics. They worked logically, though 
their altenipts remained very inadequate, for lack of the 
requisite knowledge. Thus even as early as lojo Oliver of 
Malmcsbuty attempted to fly with wings attached to his hands 
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and legs. Thus Leonardo at the close of the Middle Ages 
carried out thorough and penetrating studies of the flight of 
birds and attempted to construct a flying machine on this 
basis. But, as scientific analysis progressed, it was realized 
(and stated by Borelli in 1680) that human muscles were 
inadequate and heavier-than-air flight had to await the 
coming of a suitable motor. 

Lightcr-than-air flight came much sooner. After many 
proposals and experiments, j&om the early seventeenth 
century onwards, flight in hot-air balloons was achieved by 
the Montgolfier brothers in France in 1785; and in the same 
year the first flight in a hydrogen balloon was made. Immedi- 
ately ballooning became a craze. Many flights of considerable 
daring were made. The Channel was crossed in 1785. 
Balloons were used by the French Army for observation in 
1794. The year after the first successful balloon flight, a 
proposal was made for a dirigible balloon, i.e. an airship, but 
the first successful airship did not come till 1 8 5 2, when Henri 
Gifiatd’s machine with a three h.p. steam-engine covered 
seventeen miles at four or five miles per hour. This was far 
from a practical airship — ^it had not got sufficient power to 
fly against the wind — ^and practical development begins from 
about i88ij. Zeppelin began building his first ship in 1898 
and made his first flight in 1900. His ships were rapidly 
successful. His fourth in 1908 crossed the Alps. Between 
1910 and 1914 Zeppelins carried 35,000 passengers and 
coveted 170,000 miles without serious mishap. In the 1914- 
x8 war airships were widely used for military purposes, but 
not long after a succession of catastrophic disasters, which 
stood out in sharp relief because a practical alternative, the 
aeroplane, was being developed, put an end to airship con- 
struction, cjscept for very speeijd purposes. 

A critical step towards the aeatioa of the aeroplane was 
taken in 1809 when Sir George Cayley formulatc«>^ccurately 
^ principles that must govern heavier-ihan-air flight. He 
jtm&SL it ekar that (he main problem was to obtain a suitable 
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engine and that the steam-engine was not likely to be suitable. 
It would serve, however, for models and from about 1840 
there was considerable experiment with power-driven model 
planes, the first model to rise under its own power and land 
safely being constructed in 1857. 

Further developments now depended on a thorough 
scientific analysis, of which the basis was the study and 
practice of gliding flight carried out bylheJ dlicnthal brothers 
in (Jermany from 1877 on and by othens after them. Then in 
the nineties came renewed attempts at power flight on a more 
rational basus, many of them almost achieving success- 
machines that rose a little from the ground, others that flew 
a few hundred yards but were clearly not under full control 
and ended by crashing. 

In 1900 the Wright brothers began extensive gliding 
experiments coupled with painstaking scientific and mathe- 
matical analysis of the problems involved. They developed a 
system of lateral control by independent flexing of the wings, 
a system which, in the form of the aileron, eventually proved 
to be the key to successful flight. Then they turned their 
attention to power flight. The recently developed auto- 
mobile engine provided the basis for a suitable motor, but 
the brothers took equal pains in designing their particular 
motor and propeller. Their thoroughness was rewarded 
on 17 December 1903, when their macliine flew for twelve 
seconds and covered twenty-five yards (Figure 34). Larger 
distances had been covered before, but the point was that 
this time the machine was fully under control. Progress 
thereafter was tapid. Their fourth flight lasted fifty-nine 
seconds; in 1904 they flew five minutes four seconds; in 1903 
they covered twenty and three-quarter miles in thirty-three 
minutes seventeen seconds. By 1908, when many others 
besides the Wrights were flying successfully, the duration 
record trae just over three hours; the distance iiz miles; and 
the speed record fifty miles per hour. In 1909 Bl^riot flew 
the Channel. 
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Till 1914, nevertheless, flying remained something of an 
adventurous sport. The forcing house of war, with tech- 
nicians, factories and Government funds all made available, 
turned the plane into a reliable machine. Between 1914 and 
1918 maximum speeds rose from 70-80 m.p.h. to 140-155 
m.p.h.; air-cooled engines developed from weights of 4 lb. 
per h.p. to 1.9 Ih. per h.p. and water-cooled from 4.05 to z,z; 
the average ceiling rose from 7,000 feet to 30,000 feet. The 
crossing of the Atlantic in 1 91 9 by A Icock and Brown demon- 
strated what a reliable and useful machine had emerged from 
the war. Regular air services were quickly established and 
even in 1920 they flew a total of nearly three million miles. 

Wireless communication, wliich also came into being 
about the turn of the century, arose from two main sources. 
The incentive to attack the problem came from the same 
social needs for rapid communication that earlier gave birth 
to the telegraph and telephone, plus the promise that wireless 
would provide one great advantage that these two never 
could — communication with ships. The basis for the solution 
was provided by the theoretical work of Qerk Maxwell 
about 1862 and the experimental work of Hertz from 1887 
on, which demonstrated the existence of electro-magnetic 
waves, the basis of radio. In the nineties this problem inter- 
ested a number of inventors, several of whom were partially 
successful. But the only outstandingly successful system was 
that of Marconi, who arrived in England from Italy in 1 8 96, 
transmitted radio signals over three miles and patented his 
invention the same year. Rapid development followed. In 
1899 the British Navy on manoeuvres used radio telegraphy 
over seventy-five mUes and in 1901 Marconi bridged the 
Atlantic, while only seven years later a regular trans- 
atlantic telegraph was established. 

Experiraeats in radio telephony started almost immediately 
oathe suceessof telegtaphy. By 1900 Fessenden of riiSU,S,A. 
^tdbifived sohie suoxss. In 1906 he daimed to have 
speech acro-ss the Atlandc. In 1909 de Forest, 
lU 
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also of the U.S.A., transmitted Caruso’s voice from the 
Metropolitan Opera House. 

But progress was slow, because the transmission of 
speech depended on ability to radiatero»//»/«wwaves and the 
systems then available for doing so were of very limited 
value. Ultimate success of radio telephony depended on the 
'valve* or thermionic tube. The two-electrode tube, which 
would act as a detecttir but not for other purposes, was 
invented by the linglish physicist, I'leming, in 1904, The 
threc-elcctrodc tube, the real key to modern radio, was the 
invention of de Forest in 1906 and of others elsewhere 
independently. Nevertheless, it was not till 1913 tliat the 
radio valve and associated circuits were advanced enough to 
be ready for general use. 

As in the case of flying, it was the war of 1 9 1 4-1 8 that gave 
the incentives and means for the rapid mastery of the critical 
problems. Radio telephony was used widely by the fighting 
forces. Valve techniques were developed rapidly, especially 
for aircraft, in which they were used for both transmission 
and reception. Sets of less than ten pounds in weight in re- 
connaissance planes transmitted speech up to zoo miles. The 
development and perfection of radio techniques during the 
war was sudi that it took only two further years of systematic 
esqjeriment by scores of workers all over the world (among 
whom Marconi remained one of the most successful) to pave 
the way for the beginning of regular broadcasting in 1920, 
Radio direction-finding began about 1907 and again was 
greatly developed during the war. 

Aeroplanes and radio were perhaps the most startling and 
romantic developments of the century before 1918. But the 
standards of human life were much more greatly affected by 
the raechaniaation of agriculture. The change-over from 
hand methods to machine methods of farming, which began 
to be matktd in the second quarter of tlie nineteenth century, 
provided for the first time in the world’s history the possi- 
bility of abundant food for all. Mote than that, it was the 
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jessential basis for the growth of a highly industrialized 
civilization. 

In the early nineteenth century the advanced countries 
completed the change-over to the all-iron plough. This in 
itself meant a notable increase in productivity. Steam-power 
was applied to ploughing after 1850 when John Fowler 
introduced the system of cable-ploughing — which steam- 
engines at either end of the Geld dragged the plough across 
by means of cables. This remained the main system of power 
ploughing until 1918 and even after that it was only slowly 
displaced by the tractor. 

Whereas ploughing had used animal-power from the 
early Bronze Age, reaping until the nineteenth century 
remained a job entiiely for human muscles. One exception to 
this is an extremely crude ox-power reaper described by 
Pliny as being in use in Gaul in Roman times, but this hardly 
reduced the human toil involved and does not seem at any 
stage to have been widely used. From 1799 onwards attempts 
were made to construct reaping madiines. The first to 
achieve any success was that of Patrick Bell, in i8z6, which 
was widely used in Scotland for some years. But south of the 
Border mechanical reaping made no progress till after the 
introduction of the superior machines developed in America. 
The great fields of the U.S.A. provided the ideal conditions 
for mechanization and it was (here that the modern reaping 
machine developed. Several reapers were invented in the 
thirties, the most successful being that of McGiimick in 
1834, which cut the labour involved in reaping to one-third. 
By 1 8 5 1 McCormick was making a thousand machines a year. 
Prom then on more and more automatic machines appeared. 
The American Civil War of 1861-5 created a great man- 
power shortage and thus gave a boost to mechanization. 
After several steps the completely automatic sheaf-binding 
harvester appeared about 1878, cutting the labowr^quired 
to oaa-half or ooe-thurd again. In 1880 four-fifths of the U.S. 
harvest was <ait hy ftus machine. 
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The next step was the combine harvestet (Figure 3 5) — a 
machine to reap'the corn and thresh it at the same time. Two 
such machines were patented m 1836, but the practical 
development of the combine does not begin till about i860. 
By the eighties combines drawn by twenty to forty horses 
were reaping twenty-five to forty-five acres a day in California. 
In the nineucs combines drawn by steam tractors had an 
even greater capacity. By 1930 a combine required 3*3 
man-hours of labour to produce 20 bushels of wheat, 
compared with 57-7 man-hours with a sickle and flail in 1 8 30. 
Nevertheless, the combine did not spread outside California 
till after 1914, when man-power problems caused its in- 
troduction east of the Rockies. It did not appear in Great 
Britain till 1928 and even then spread but slowly. 

Meanwhile other aspects of agriculture were being 
mechanized. A grass tedder was invented in 1814, but hay- 
making was largely done by hand until about 1850, when 
machines and horse-rakes spread rapidly. By the end of the 
century essentially modem haymal^g machines had been 
developed. By then the potato-plough and spinner types of 
potato harvesters were in use. The latter throws the potatoes 
clear of thesoil, but scatters themwidely; after which they must 
be picked up by hand. The elevator-lifter type of harvester, 
which does not eliminate hand-picking, but does lay the 
potatoes conveniently in narrow rows, began to develop in 
the early twentieth century. Potato-planting machinery was 
developed about the same period. However, machinery for 
crops other than cereals and grass was not sufficiently 
perfected for general use till after 1918. 

Apart from threshing (sec Chapter VI), cable-ploughing, 
the use of steam tractors with combines in the nineties, and a 
few experiments in other directions, the horse remained the 
main source of power in agriculture till the end of the nine- 
teenth flfcntury. But about 1890 in the U.S.A. and a few years 
later in Great Britain the first attempts to use tractors with 
internal combustion engines were made. The caterpillar 
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ttack was improved in the early twentieth century and the 
arrival of the hght petrol tractor about 1910 paved the way 
for the displacement of the horse. In the U.S.A. the transi- 
tion began just before 1914, but in Great Britain the horse 
was not seriously challenged until the introduction of the 
Ford tractor in 1917. 

These macliines, with other advances in agricultural 
technique, provided, as we have remarked, the possibility 
of a highly industrialwcd civilization. In 1787 it took the 
surplus food produced by nineteen farmers (these are U.S.A. 
figures) to feed one city-dweller. In recent years these same 
nineteen farmworkers pi oduced enough surplus to feed sixty- 
six other people. At the first level it was impossible to spare 
sufficient workers from the land to create a large-scale 
industry; at the latter, for every worker on food production 
there can be producing manufactured goods, transport 
services, etc., all of which contribute to a high standard of 
living. 

Equally important for feeding industrial populations was 
the development of refrigeration, which permits food to be 
brought right across the world or stored for long periods, to 
supply industrial districts which cannot be self-supporting. 
After some forty years’ development, mechanical refrigera- 
tion became a practical proposition in the seventies, the most 
important step being Linde’s ammonia compression refriger- 
ator of 1873. Frozen meat was first imported from America 
in 1S77 and from Australia in 1880. Refrigeration has many 
other industrial applications. For example, oxygen, used for 
a variety of purposes from oxy-acetylene cutting to chemical 
synthesis, is best obtained by distilling it from air that has 
been liquefied by cooling. Linde produced an economically 
practical method of liquefying air in 1895. His process 
depended on cooling die air by compressing it and then 
expanding it through a valve, making use of a pid^etty of 
known as the Joule-Thompson effect, which is, 
Btowk#. amaB. It was eady realized that better results 
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CDultl be obtained if the air were made to do external work, 
that lb to drive an engine. This was technically di/Ticult but 
by 190Z Claude succeeded in producing a liquid air machine 
in which the air was cooled by driving a reciprocating engine. 
The process was later improved by Heylaadt. 

Jubt as agriculture provides the food for the industrial 
worker, so does coal-mining provide the food for the 
industrial machine. It was during the nineteenth century and 
still remains the main source of power. Naturally, thcrefoie, 
much attention was given to the problem of mechanization 
of coal-mining. Under-cutting the coal face prior to breaking 
it down wdth explosives or other means, is one of the most 
laborious of all tasks, and attention was first devoted to the 
substitution of machines for men at this work. In 1761 
Michael Menzies (who has already been mentioned in regard 
to threshing) invented a coal-cutting machine, with a 
swinging pick imitating the miner’s action, driven by a horse 
and a man. In 1768 appeared ‘Willie Brown’s Iron Man’ 
operated by the power of two miners. A patent of 1843 for 
a cutter based on a circular saw' action foreshadowed the 
modem disc-type cutter. During all this period the main 
difficulty was to find a suitable power source. Steam-engines 
were both too cumbersome and too dangerous. Various 
proposals were made for drives using man-power,^ animal- 
power, or even water- or steam-power at the pithead con- 
nected to the machine by ropes. Compressed ait was first 
used inaBritish coUieryin 1849 and quicklybecame thepower 
source on which further attempts at mechanization wcic 
based. In the next forty years all the types of coal-cutters in 
use today, except the percussive cutler (1901) were developed. 
This was an experimental and pioneering stage, not one of 
W'ide practical use. In it the main problems of mechanized 
coal-cutting were solved, and by 1890 the stage was set for 
rapid ffewclopment. In the I hS. A. the percentage of bitumin- 
ous cfial mechanically cut rose fn>m about 4 per cent 
in 1890 to jr per cent in 1913. Great Britain, in spite 
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of the fact that most of the pioneering had been done there, 
was much slower and in 1913 only 8 per cent of British 
coal was cut by machme and only 676 mines out of 3,267 
used coal-cutteis,Meanwhilcelectricity,proposed as a source 
of power in 1863, was used in practice fiom about 1885 on 
and by 1918 was almost as much used as compressed air. 

Mechanization of other mining processes was slower. The 
face-conveyor first appeared about 1902 and all the various 
types now in use had been developed by 1913. But the 
spread of their use was even slower than with cutters and in 
1913 Britain had only 3 5 9 of them. The loading of coal at the 
face involves lifting two to five feet and casting horizontally 
six to twelve feet — ^no light task; yet serious attempts to 
mechanize it came surprisingly late. The first loader to 
attract general attention appeared in 1903, but was not 
adopted in practice. A few loaders of various design were 
in use in the U.S.A. by 1918, but the general use of loaders 
did not begin until some years later. 

In all the above we have only mentioned some of the 
outstanding lines of mechanical development in the century 
before 1918. But in point of fact machinery came to enter 
into almost every branch of industry in this period. To 
recount all the inventions of those years would alone take 
several volumes, and we can do no more than list a few 
examples. If the reader, as he notes each date, will pause to 
diink what life would be hke without that particular machine 
or without its cheap and plentifiil products, he will gain some 
idea of the changes that machinery brought in the nineteenth 
century. Many branches of manufacturing were mechanized: 
sted"pen maWng, 1828; match-making, 1848; shoe-making, 
by McKay’s shoe-sewing machine of 186 1 and Goodyear’s 
welt shoe-sewing machine in 1871, A cigarette-making 
machme appeated in 1876, a glass-blowing machine ^1886 
and Oweo*s fembus automatic bottle-machine in i^by. After 
medbanical type-setting from 1822 onwards, 
Itootypip appeared about 1886. Workable 
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SC wing-machi acs were invented from 1 8 29 on, but the machine 
from which arc descended the sewing-machines that are used 
m the home today was that of Elias I lowe, 1 846. Calculating 
machines, after an evolution staiting from 1642, became 
practicalile and began to be regularly manufactured in the 
nineties. A typewriter was invented by Charles Thurber in 
1845, first succcsshil model was that of Sholes, 1868. 

'flic first typewriters produced for sale appeared in 1874 at a 
cost of $125 (aliout £z^). Pope invented his safety bicycle, 
the culmination of a long line of evolution, in 1886; Dunlop 
addctl the pneumatic tyre in 1889. By 1896 there were four 
million cyclists on the toad. Edison invented the phono- 
graph in 1 877 and Berliner developed it into the gramophone 
by 1887, as well as inventing most of the essentials of the 
multiple reproduction of gramophone discs. Cinematograph 
pictures became practicable during the nineties. The time- 
lock was invented m 1847 and Yale’s now familiar lock in 
1855. E. G. Otis invented his passenger lift with safety de- 
vices in 1862. The steam-roller appeared in 1867. X-rays -were 
discovered in 1895. Sperry invented his gyroscopic compass, 
which has now largely replaced the magnetic, in 1905 . Tliese 
ate but a selection. 'Phey do not include the many further 
machines which were invented in principle before 1918, but 
not widely used until after. 

Machinery now entered into almost every aspect of 
production. The material wealth available for the good of 
mankind was enormously increased, at least in the advanced 
countries. Wealth had become better distributed too, though 
this had taken a bitter .struggle to achieve. The machine- 
wrecking tactics by which the workers had formerly hoped to 
alleviate their distress were abandoned, though there were 
still occasional outbursts up to the middle of the century. 
This was not the way forward, for the machines did create 
more alSjcriant wealth. It was the uneven distribution of 
wealth that had caused the misery of the factory workers-— 
that and the concentration of the ownership of die factories, 
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tools and machines in the hands of a comparatively s mall 
numbec of employers, giving them the power to decide on 
what terms the workers shall work. To this power the 
workers found a partial answer in Trade Unionism, which 
grew in strength throughout the nineteenth century and 
from about 1850 became thoroughly estabhshed.The workers 
as individuals had been powerless to prevent the degradation 
of their working and living conditions. But united in the 
Trade Union they could challenge the power of the indus- 
trial magnates and wrest from them a greater share in the 
wealth that the new machinery had brought. They learned 
also to take political action to protect themselves. The 
political pressure of the factory workers, with the help of the 
more humanitarian of the richer classes, produced the passing 
of the Factory Acts between 1802 and 1847, which abolished 
the worst features of the early fectory exploitation. Here we 
cannot go into details, but merely note that the period 
covered by this chapter sees a general rise in the living and 
working conditions of the common people, but a rise that 
was only achieved by continual vigilance and struggle. 

Since the capitalist type of economy had first appeared, 
there had been an era of tremendous technicalprogress. New 
inventions had almost yearly increased the efficiency with 
which men wrested a living from nature and these inventions 
had been used almost to their maximum to provide an ever- 
expanding flow of commodities. In the middle of the nine- 
teenth century it might have seemed as if this unparalleled 
progress was destined to go on rminterrupted for ever. But 
towards the end of the century interruptions did take place. 
Slumps or depressions of unprecedented severity occurred, 
in which apparently the goods produced could not be sold, 
though there were still millions in need of them. The manu- 
f?tcturer, unable to sell his products, closed (or partly closed) 
his works. Workers became unemployed. And on^ after a 
laps© of some years did the economic machine begin to work 
ipwjpedy agaioi — only to slow down once more in a new 
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.slump a ft; w } cars later. After 1918 thc«c things became more 
of less permanent. .Vlternations of slumps with periods of 
comparative prosperity continued, but unemplojment and 
the clilficulty of selling goods became permanent featiites — 
so much so that .some came to believe that loo much was 
being produced (in spite of the f.ict that most people 
obviously could not gel the things they wantcti) anrl coinctl 
the phrase ‘over-production’ to account for the troubles. 

< Connected with these dinicultks was the growth of two 
new features in the tconoinic sjsiein: monopoly and 
impeiialNm. A monopoly was formed when one firm 
succeeded in gaining control of a large part of the production 
in one industry; or when all the fums in an industry came to 
an agreement covering the amounts they would produce and 
the prices they would s*ell at (in this case the combination of 
the firms is called a cartel). Often they sought to avoid the 
effects of economic depression by restricting production 
below the lev'el that was possible and by artificially high 
prices. Formerly, any industry was composed of hundreds of 
small firms and free competition between these, by giving a 
great advantage to the producer who used the most advanced 
methods, had been the main stimulant of invention. Mono- 
poly did not eliminate the stimulant of competition, but it 
did reduce it, witii effects that will be apparent later. 
Nevertheless, this development of monopoly was inevit- 
able and could not be reversed. It was brought about by 
many forces, most of them economic, and so outside the 
scope of this volume. But one cau«e lay in the development 
of the machines themselves. In the early nineteenth century 
or before, when the cost of building and equipping a 
factory with adequate machinery w’ould be only a few 
thousand pounds, any monopoly would have been quickly 
broken by some new entrant into the industry. But after all 
the mecHtinical developments desciibed in this chapter and 
the next, the cost of setting up a business to compete with 
already existing firms would in many industries be hundreds 
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of thousands of pounds. No small man, on the basis of his 
life’s savings, could hope to enter the industry. Many 
spheres of industry became closed shops, in which only 
those already established could exist. And even among these 
the increasing cost of the most advanced equipment gave 
tremendous advantages to the largest firms, putting them in 
a position to squeeze out or absorb their smaller competitors. 

It is outside the scope of this volume to discuss the effect 
of monopolies on the growth of imperialistic rivalries and 
the consequent drift to war. War, however, had been a 
growing phenomenon all through the nineteenth century. 
As the various powers grew in industrial strength without 
any over-riding plan and sought for markets, as political 
forms failed to keep pace with improvements in transport 
and communication which were making the world more and 
more an indissoluble whole, so clashes became inevitable. 
There were other types of war too — the American Qvil War, 
for instance, to decide whether America should be an 
industrial capitalist country or an agricultural slave-owning 
one. But all these arc as nothing compared with the colonial 
wars at the end of the nineteenth and the beginning of the 
twentieth centuries, and the culminating struggle of 1914-18 . 
It is therefore fitting that we should end this chapter with a 
note on a few of the many military inventions that mark the 
period. 

The resources of nineteenth-century science and industry 
were used to make practicable many weapons, like the 
breech-loading cannon, which had been conceived earlier 
but had remained mete ideas for lack of suitable production 
methods, or to make suitable for general use weapons like 
the rifle (as opposed to the smooth-bore musket) which had 
been in use in the late eighteenth century, but only in the 
hands of expert marksmen. Many new military inventions 
were added; the revolver by Samuel Colt in, i'335, the 
by GotUng in 1861, the torpedo by WJfit^ead 
I Pi, because of many practical difficulties it did 
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not become important till the Russo-Japanese war of 1 904- 5 ). 
The siibraatine as a military weapon was the object of 
many inventors. A submarine, propelled Iiy man-power and 
intended to fix mines to ships, was constructed during the 
American War of Independence; it succeeded in 1776 in 
travelling under water, but failed in its main object. The idea 
was revived during the American Civil War and, after many 
failures, u submarine did succeed in fixing a mine and 
sinldng a .ship. 'J’he modern submiiiine was developed 
competitively in several countiies during the eighties and 
nineties. In 1^16 appeared the tank, which takes so prom- 
inent a place in warfare today. These are but a few 
of the more outstanding military inventions. We have 
already noted, also, how the needs of war gave a tremendous 
impetus to the development of aeroplanes and of radio, 
which had previously been advancing comparatively slowly. 
Only after the aeroplane had served its purpose as an 
agent of destruction and had been made efficient for that 
purpose, was it used to any notable extent for peaceful 
purposes. In the next chapter, which deals with the funda- 
mental industries on which all mechanical development is 
based, we shall again note that much progress has been in 
response to the call of war. 
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MATERIALS, MACHINE TOOLS AND 

PRODUCTION METHODS BEFORE 1918 

In the last two chapters we have almost completely ignored 
three very important aspects of machines: the materials 
from which they are made and the tools and methods used 
in making them. These arc so vital that they deserve a 
special chapter. 

If the reader will look back at the illustrations to Chapter 
V he will note that most of the machinery of that period was 
made of wood and until almost the end of the eighteenth 
century wood remained the chief material for industrial 
machinery, metals being usually confined to bearing parts, 
cutting edges and other positions where their special 
properties were absolutely essential. During the eighteenth 
century the steam-engine had, of course, to be constructed 
mainly of metal (though boilers, for example, were at first 
often made of wood bound with iron hoops on the Unes of a 
barrel, and brass was used more than iron in the early 
engines). Iron remained a costly material to be used only 
where it was essential. This was largely because no major 
technical improvements had taken place in iron-smeldng 
since the first production of cast iron towards the end of the 
Middle Ages. 

Iron-smelting, since its earliest days had been carried out 
by means of charcoal, that is, carbon produced by the con- 
trolled combustion of wood. The scale of iron production 
was therefore limited by the size of the forests. When 
industry entered the period of comparatively rapid advance 
£rom. the sixteenth century onwards, this fac'oif'severely 
Mmited! the eajwtnsion of the iron industry and therefore 
the pjfogtess of machinery in general. England 
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especially, being but poorly wooded, felt the shortage. Between 
1540 and 1640 the price of firewood rose nearly three times as 
fast as general prices. At one time it seemed as if the British 
iron industry was doomed to extinction, and with it the, by 
then, vcj y promising growth of British industry in general. 

Jt was early realized that coal was a possilile alternative 
and in the sixteenth century many industries learned to use 
coal instead of w'ood. 'J’he problem of using coal for iion- 
smelling was, however, a more dilficuU one. Patents for such 
processes were obtained by Simon Sturtevanf, 1612, and 
Dudley, 1619, and other attempts were made. But 
little success W'as achieved till Abraham Darby, about 1717, 
though the date is not very' certain, succeeded in using coal 
for smelting, by the process of first turning it into coke. 
When this process became generally adopted— not, in fact, 
till towards the end of the century — and when it was com- 
bined with various other improvements to furnaces, such as 
a more powerful blast, the Biitish iron industry was set for a 
great expansion. The production of pig-iron rose from 
62,000 tons in 1788 to 125,000 tons in 1796, 250,000 tons in 
x8o6 and, after the introduction of hot blast by Neilson in 
1828, by kaps and bounds to figures of about 3 million tons 
a year in the middle of the century and about 8 million tons 
neat the end of it. Iron became available in quantities 
sufficient for the construction of machinery wholly of iron 
and so paved the way for such developments as railsrays, 
iron ships and the many machines which we discussed in 
the last chapter. 

All this refers to pig-iron or cast iron, which, because of 
its high carbon content, is comparatively brittle and there- 
fore unsuitable for many purposes. Wrought or malleable 
iron, which is tougher, is, of course, much older than cast 
iron, being produced as a spongy mass in the old bloomcties. 
But this method of production was suitable only for very 
smalt quantities. The later JMiddle Ages developed a process 
of obtaining wrought iron from cast iron by ‘puddling’ 
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(roughly, stitting it in a furnace lined with iron oxide to take 
up the carbon and other impurities). This process requited 
great skill, gave only a small production and still required 
charcoal as fuel. Large-scale production of malleable iron 
only became possible in 1784, when Cort, building on 
the partial achievements of earlier workers, perfected the 
method of puddling in a reverberatory furnace, using coal 
but so arranged that only the flames came into contact with 
the iron. 

The late eighteenth century saw also considerable develop- 
ment in the machinery for working up wrought iron by 
hammering and rolling. The watet-powered forge-hammer, 
dating from medieval times, was rapidly increased in size 
and in 1782 John Wilkinson first used steam to work a tilt- 
hammer of 7^ tons. The powerful, but very delicate, modem 
steam hammer was invented by Nasmyth in 1 8 j 9. (Figure 57). 
The hydraulic press, invented by Bramah in 1796 was applied 
by Whitworth about 1 8 5 0 to get an even more powerful forge 
hammer. Small water-driven rolling-mills, for finishing iron 
sheets already hammered roughly into shape, were in use in 
Germany in the early fifteenth century. They were much 
developed by Polhem and others in Sweden before 1750, but 
to Cort in England belongs the credit of devising, in 1784, a 
roHLag-mUl in which the sheets or bars were rolled directly 
from the bloom without previous hammering. Wilkinson 
was once more the first to use steam-power, in 1796. 

An essential material for the construction of machines 
involving great stresses like the electric generator, the 
steam-turbine, the internal combustion engine, motor-cars, 
and so on, which came into use near the end of the nine- 
teenth centurj’, was steel — a metal whose special properties 
arise from the fact that it contains an amount of carbon 
intermediate between that of cast and wrought from In the 
Middle Ages methods of production were such th^ steel was 
tdmpst pteciousmetal. Even after Huntsman’s development 
for making cast or cracible steel in the years 
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1740-70, it remaiued too costU for use except in vct> spceul 
circumstances, such as cutting edges. The crucial step towards 
the production of steel in suflicient quantities for its genetal 
use in all parts of machinerj where iis tensile strength, 
toughness, etc. make it desirable, was taken by Bessemer 
about t8j6. In 1854 he had invented a new foim of shell for 
use in rifled cannon, but could find no non strong enough to 
make a gun to use it in. Investigating this prolilem, he 
invented his method of producing steel from pig-itoti by 
burning away the imputities with a blast of uir in a vessel 
now called the Bessemer converter. About 1867 Siemens 
followed with his open-hearth method of steel-making, 
which is slower, but gives more control over the final 
product. In 1877 came the basic Bessemer process and soon 
after the basic open-hearth, both of which permitted the use 
for steel making of the more common ores containing 
phosphorus, which had previously proved unsuitable. 

The properties of steel are vastly improved and a much 
greater variety of properties made available by alloying it 
with small quantities of other metals. Although Faraday in 
1822 had made systematic experiments with various alloys, 
these did not affect industrial practice and the practical 
history of alloy steels begins with the invention by Mushet in 
1871 of a tool-steel containing tungsten and chronuura, 
which allowed cutting at much higher speeds. Other alloys 
followed, such as manganese steel by Hadfield in 1882, and 
nickel steel by Schneider in 1889. With the exception of 
MushcFs tool-steel, these were intended for use in armaments 
and were only later applied to more constructive purposes. 
Then in 1898 came the invention of high-speed tool-stccl by 
Taylor and White, of which wc .shall have more to say below. 

TTic end of the nineteenth century is also marked by the 
introduction of various light non-ferrous alloys based on 
alumimuts. Aluminium did not become a commercial 
proposition until its production in the electric furnace from 
1886. Thereafter it was used for special purposes where 
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lightness was of piime importance — for example, in airships 
from 1895. Duralumin, an alloy of aluminium and copper, 
remarkable for its high strength-weights ratio appeared in 
1909, and thereafter various alloys of aluminium and later of 
magnesium have been playing an ever-increasing pait in 
engineering. The later nineteenth century also saw the 
beginnings of the plastics industry, though plastics did not 
have much effect on engineering piactice till the intcr-war 
years. 

The pioneer engineers of the eighteenth century met the 
utmost difficulty in getting their machines constructed with 
adequate accuracy. Smeaton had to tolerate eriors of about 
half-an-inch on twenty-cight-inch cyhnders for Newcomen 
engines which he made. The engines were made to woik only 
by the device of using a layer of water on top of the piston as 
a seal. Tliis trick was not applicable to the Watt engine and 
so Smeaton was led to remark that 'neither the tools nor 
the workmen existed that could manufacture so complex a 
machine with suffiaent precision’. Perhaps the Watt engine 
could not have been a success if it were not for Wilkinson’s 
timely invention of an adequate cylinder-boring machine. As 
late as 1830, it is said, a fitter who could work to one- 
sixteenth of an inch was a good workman. 

Machines for boring pump-barrels from soHd tree trunks 
date back at least well into the Middle Ages. In the early 
fifteenth century the same principle was applied to the boring 
of cannon, though only for finishing off hollow castings. An 
improved borer designed by the Swiss, Maritz, in 1713, was 
capable of boring cannon from the solid. When the New- 
comen engine arrived, it was natural that the cylinders 
should be bored by such machines. But the diameters 
involved were much greater than in the case of cannon. The 
heavy diall-head worked effectively only on the bottom of 
the cylinder and very great itiaccmacies resulted. Various 
methods 'syerc tded to improve the state of affairs, but none 
^ uadi John Wiifcinson, having invented an 
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improved cannon borer in 1774, followed this up with an 
improved cylinder borer in 1775. In this the drill-head was 
carried on a long stiff bar passing right through the cylinder 
and supported at both ends. This machine solved Watt’s 
cylinder troubles, and in 1776 Watt wrote to Smeaton, ‘Mr. 
Wilkinson has improved the art of boring cylinders so that I 
promise upon a seventy-two-inch cylinder being not further 
from absolute truth than the thicltness of a thin sixpence in 
the worst part’. Others gradually improved on Wilkinson’s 
machine and by about 1830 the cylinder-boring machine had 
reached an essentially modern form. 

The lathe, with its many variant forms, is the most 
important of the machine tools and the possibility of most of 
the nineteenth-century advances was closely tied up with its 
development into a machine of high precision. Before the 
middle of the sixteenth century, the only form was the plain 
centre-lathe, on which the work was turned between fixed 
centres, the drive being apphed to the work itself through a 
cord wound round the work and usuallyattachcd to a treadle 
below and a flexible beam above. The earliest known illus- 
tration of the mandrel lathe, in which the work is fixed in a 
chuck to which power is applied, appeared in 1568; and a 
little earlier Besson gave an illustration of a crude screw- 
cutting lathe (Figure 38). Lathes with screw-guides in the 
mandrel, for screw-cutting, appeared before the end of the 
seventeenth century and this method, in which the work 
traverses and the tool is stationary, was widely employed in 
the eighteenth century. Meanwhile clock-makers had made 
approaches on a small scale to the modern lathe in which the 
work merely rotates and the tool traverses; these embodied 
the elements of the slide-rest but only in a form suitable for 
light work, such as that involved in clock-making. 

The critical steps in the transformation from the crude 
cighteenth«century lathe to the modern high-precision 
machine were the work of Henry Maudslay. The Itighly 
ingenious lock invented by Bramah in 1784, to whif*!! vre 
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referred in Chapter VI, required standards of accuracy far 
higher than those then current but was nevertheless 
to be produced in large numbers. Bramah employed 
Maudslay and it was while worldng on the problem of pro- 
ducing the lock that Maudslay began his work on the lathe, 
which he carried on after 1 797 in his own workshop. His lathe 
of 1797 (Figure 39) and more especially the improved version 
of 1 800 mark the beginning of a new era in engineering. 

Maudslay is commonly said to have invented the slide- 
rest. That statement greatly distorts and undervalues his 
woik. A rudimentary slide-rest was already in existence, but 
itwas used onlyfor light work such as clock-making, and the 
construction of large lathes was too crude to accommodate it. 
Maudslay greatly improved the slide-rest and made it 
suitable for heavier work. But his really important contri- 
butions to the development of the lathe were two improve- 
ments which greatly increased its accuracy and, as it were, 
turned the lathe as a whole into a fit vehicle for the slide-rest. 
These two criticalimprovements were: all-metal construction, 
and the technique of cutting accurate lead-screws of 
sufficient length to allow the use of the traversing tool on 
large work. The construction of an all-metal lathe, instead of 
the former method of mounting metal worldng parts on a 
wooden base, may not seem at first sight to be of great 
importance; yet the rigidity it gave was the foundation of all 
fu^er progress in accuracy. And Maudslay’s constant and 
painstaking work on methods of screw-cutting after 1800 
entirely changed current practice. Further great advances in 
screw-cutting and other aspects of high-precision work were 
made from about 1835 onwards by Joseph "Whitworth, who 
began as one of Maudslay’s workmen. Meanwhile the planer, 
the other basic tool of precise engineering, was developed 
from its crude ancestors by a number of British workers 
between tStj and 1840. But the rise of predsion work as a 
gemeial psaedee was largely ^speiated with mass-production 
' of lttte:^ange8bility'a to which we now turn. 
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Mass-production is the basis on which today we can have 
many machines (and other conveniences) manufactured and 
sold in large quantities and for reasonable prices. If 10,000 
Ford cars only were produced, they would cost £2,000 each; 
one Ford, of its present standard of workmanship, might 
cost tens of thousands. But in fact hundreds of thousands are 
produced, all identical (apart from minor variations of 
colour or finish). Every process in the manufacture has to be 
repeated hundreds of thousands of times. Thus it is econom- 
ic^ to build a special machine, even one costing many 
thousands, to do each process efficiently, and as a result 
Fords cost £100 or so (pre-war pricesl). The same goes for 
most things we use today; pen nibs, vacuum cleaners, radio 
sets. 

There are two types of mass-production to be considered. 
The first is for thkigs consisting of only a single part like a 
nail, or a pen nib, or a pin. In such cases there is no need for 
two samples of the product to resemble each other very 
closely — so long as they are near enough to standard to satisfy 
the customer. It is not very difficult to arrange for the mass- 
production of such articles, provided the demand is large 
enough to justify either the cost of building special machines, 
or the wage bill for a fectory of many workmen each 
specializing in one small part of the process. And indeed 
there are very early examples of mass-production of this 
kind. The casting of metal type at the close of the Middle 
Ages is perhaps the earliest. Another is a special stamping 
machine, worked by a treadle used at Nuremberg about 
1680 for fixing heads on pins. Christopher Polhem, of 
Sweden, ran a factory for mass-production of many articles 
on these lines from about 1700 onwards. He employed about 
100 men and used water-power at every possible stage of 
manufacture. Ho had special machines for nail-making, for 
cutting iron bars or metal sheets, presses, rolling-mills, and 
so on. And he turned out in mass quantities such articles as 
ploughshares, harrow teeth, hammer heads, tin platqg and 
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vessels. Another very remarkable example of this type of 
mass-production was the factory for producing pulley 
blocks for the Admiralty, which began work in England 
about 1808. This scheme was the joint product of Marc 
Brunei and Samuel Bentham, Henry Maudslay executed the 
machinery, which was divided up into specialized groups for 
each of the processes involved. There were forty-four 
machines in all, of thoroughly modern design, and so good 
was the pnjduction method that ten unskilled men did the 
work of no skilled by previous methods. The output was 
about 130,000 blocks a year, greater than the previous 
output of the six largest dockyards. 

The example of Brunei and Benton was not followed in 
England, and for the next 100 years, though Britain con- 
tinued to lead the world in heavy engineering and the 
machines required by it (such as forging machinery, large 
lathes and the planing machine), the pioneering on mass- 
production methods and the types of machinery required 
by it was done elsewhere. 

The mass-production of pulley blocks begins to approxi- 
mate to the second, more refined type of mass-production. 
All the blocks and all the sheaves must be so dose to one 
another in size that any sheaf will fit any block — otherwise all 
the advantages of mass-production would be lost in seardiing 
for pairs to fit one another, or in re-working those that do 
not fit. In this case the fit need only be a rough one, but in 
many other cases it must be extremely close indeed, if 
mass-production methods are to be used at aU. When the 
article being made consists of several parts, each one of 
them must conform to standard sizes, so that any set of parts 
chosen at random can be assembled into the finished article. 
The parts, in fact, must be interchangeable — ^for which 
reason this second type is called mass-production on the 
principle of interchangeability, ot interchangeable manu- 
facture. 1» future, when we refer to mass-production, it is 
hrwe titat we shah mean. 
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Very few machines of types in which very fine workman- 
ship and close fitting are required were needed at the begin- 
ning of the nineteenth century in quantities sufficient to 
justify interchangeable manufacture. The one great exception 
was firearms. The lock, especiall}^, of the musket or pistol 
is an extremely delicate mechanism which will only work if 
it is accurately adjusted. Gun-making was a higlily skilled 
job and the demand for arms was very great. England, with 
more skilled workmen than any other country, had in 1 8 1 1 
a stock of 200,000 musket barrels, which were useless for 
want of gunsmiths to repair the locks. As early as 1717 and 
again in 178 j attempts were made in France to produce fire- 
arms by interchangeable manufacture. Thomas Jefferson, 
while U.S. Minister in France, wrote home that Le Blanc, 
the author of this last attempt, presented him with parts of 
fifty locks taken to pieces. T put several of them together 
myself,’ he said, ‘taldng pieces haphazard, as they came to 
hand, and they fitted in the most perfect manner. The 
advantages of this, when firearms need repair, are evident’ 
Ultimately the French attempt seems to have failed and 
it is in the U.S. A. itself that the method was first successfully 
applied. 

Eli Whitney in 1800 began the manufacture of muskets by 
mass-production methods, and Simeon North did the same 
for pistols a little later. They used water-driven machinery 
on a large scale for such purposes as forging, rolling, boring, 
grinding and polishing. But the accurate finishing to precise 
measurements was at this stage done by specialized workman- 
ship and filing in special jigs rather than % special machinery. 
Soon, however, special machinery capable of working at 
high speed and with great and unvarying accuracy was 
developed for the purpose. Whitney invented the nulling 
machine in i8i8, and Blanchard a lathe for irregular turning 
in the same year. The capstan or turret lathe appeared about 
184J. By about 1835 great advances had been made in drop- 
forging, die-stamping, and pattern turning. In^ 1855 
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Samuel Colt, whose revolver had hitherto been manufactured 
by Whitney under contract, opened his own works. He 
employed Elisha K. Root, a brilliant organizer and mechanic, 
who designed many new tools (including a much improved 
form of drop hammer). Root also used all the best tools 
already available and thus indirectly gave a new impetus to 
others to create yet better. The next few decades produced 
the universal milling machine (1861-2) (Figure 40), the 
cylindrical grinder (first commercially produced in 1864), 
the automatic lathe (in which several tools in succession are 
automatically brought to bear on the work, and the operator 
has only to feed the raw material in the form of rods, see 
Figures 42 and 43) and the multi-spindle lathe (in which the 
work is passed automatically to several spindles in succession 
and subjected to one or more different processes at each). The 
multi-spindle lathe in turn gave birth to highly automatic 
machine tools, such as the ‘Mult-Au-Matic’ (Figure 41), 
which appeared just before the first World War, and in 
which the work is moved through a series of six or eight 
stations at each of whichit can be subjected to such operations 
as boring, turning, facing, threading, grooving or drilling. 

The arms-makets for a long time led the field in mass- 
production techniques, but clock-makers were not far 
behind. Eli Terry of Connecticut began mass-production of 
wooden clocks in 1809 and by 1814 had reduced their price 
&om $25 to $5. Mass-production of brass clocks started a 
little later, and by 185 j these were being produced at the 
rate of 400,000 a year, the price coming down eventually to 
50 cents apiece. Mass-production of watches was first tried 
in 1848 and was successful in the fifties. 

By i8jo mass-production methods were fully established. 
They were fund^ental in making a success, in the fifties, of 
the sewing-madiine, which was mass-produced almost from 
the beginning, A little later they made possibly the wide- 
ti$e of agticultural machinery. In this last case, like 
iMt the property of interchangeability was 
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important to the user as well as the producer — ^repairing 
agricultural machinery was beyond the powers of a village 
blacksmith, so that the availability of replacements which 
could be fitted into place without any skilled adjustment was 
an essential condition for the use of the machines. This 
contrasts with the position in clock-making, where inter- 
changeability is only of importance to the manufacturer — 
because it simplifies his production problems. Mass-produc- 
tion was applied to typewriters in the eighties and to 
bicycles in the nineties, making possible the production of 
cycles at a rate of several hundred thousand a year. 

Then came the motor-car. All the early cars were huiltf in 
the same sense that an early steam-engine was built. Then 
about 1902 some firms started using interchangeable manu- 
facture. Olds produced about 2,500 of his little mnabouts in 

1902. 4.000 in 1903, 5,000 in 1904. Ford’s production passed 

10.000 a year by 1909. By 1913 there were about 200,000 
motor vehicles in Britain and 600,000 in the U.S.A. The car 
industry carried the technique of mass-production a stage 
further. It was mainly responsible for introducing another 
vital feature of modern quantity production — ^the straight 
line or conveyor belt system. In this the whole factory is 
highly organized in such a way that each piece of work 
passes successively through a series of stations, at each of 
which one or a few operations are performed on it. The 
whole factory becomes a single highly organized entity, in 
which raw materials flow in at several points and the work in 
various stages of manufacture flows along several streams 
which gradually come together, until the finished car (for 
example) is driven off the end of the main conveyor, ready 
for testing and the road. The germs of this system are to be 
found in methods used in the nineties for making freight 
wagons for the American railways. The Chicago stockyards 
further dc’^eloped it. An overhead conveyor picked up the 
pig by one leg. Moving along this conveyor the pig was 
killed and every necessary operation performed on it, 
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without handling, until the carcass was finally released. The 
system was organized to make use of everything the pig 
could provide — it is even said m jest that the pig’s d)dng 
squeal was piped off to work the factory whistle. The 
application of these methods to engineering was begtm, and 
largely carried through, by the American car industry. Ford 
gave the lead from about 1913 on, but the modern straight- 
line production system was not fully developed till after the 
first World War. Since then the method has been applied to 
the production of many other articles which are required in 
large quantities. 

I'hc motor-car industry in its turn promoted the develop- 
ment of a host of new machine tools: precision gear-cutters, 
precision grinders of many types, a great variety of presses 
for stamping and fortning the chassis, fenders, bodies, etc., 
broaching machines, precision die-casters, drilling and 
tapping machines. Some of these had existed before, but the 
mass-production of cars led to their perfection and their use 
on a much greater scale. The tendency towards automatic 
machines was intensified. 

Two advances in the production of materials contributed 
greatly to the progress of precision machining about this 
time. One was the production of artificial abrasives — 
carborundum for example, synthesized in the electric 
furnace, from about 1893 on. These could be made much 
harder and finer than the natural emery previously used. They 
allowed grinding as a machimng process to spread greatly 
and, for many purposes, to supersede cutting almost 
completely. Grinding, which gives greater accuracy and a 
much smoother finish than cutting, is now indispensable for 
the manufacture of internal combustion engines. The other 
new material was high-speed tool-steel, to which we referred 
earlier. It allowed cutting speeds to be increased four or five 
times. It has been estimated that as a result of its introduction 
the annual production of allindustries intheU.S.A. increased 
by about ei^ht biUioni dollars (say £1^00 million) and this 
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by the use of only about twenty million dollars’ worth (£4 
nuUion) of the new steel per year, plus, of course, the new 
machine tools to use it. 

All these improvements in machining methods were 
necessarUyaccompanied bypaiallel improvementsinmethods 
of measurement. We have no space here for a full discussion 
of this problem. Whitworth, who was mentioned above, 
played a very great part in the development of precise 
methods of measurement (for though America ran away 
with mass-production, Britain still led in many types of high- 
precision construction of machines only required in com- 
paratively small numbers). The rise of interchangeable 
production in America was necessarily accompanied at 
every stage by the progiessive refinement of measuring 
methods and the various types of gauges used. 

Other processes of great importance that must be men- 
tioned ate electric welding (1886) and theimit welding (i 908), 
which have played an mcreasing part in construction ever 
since and in many cases have done away with the clumsier 
methods of riveting or bolting. Oxygen cutting (oxy- 
acetylene and similar combinations) came into use about the 
turn of the century. 

American manufacturers on the whole maintained a clear 
lead tin 1914 in mass-production methods and the corres- 
ponding machine tools. Even in Britain manufacturers were 
slow to use the new methods. A beginning was made only 
after 1863, when a British Small Arms Commission recom- 
mended the adoption of what they called the 'American 
system’. And in 1914 shops could still be found where 
lengthy and laborious hand filing was used on processes 
admirably adapted to milhng or machine grinding. The war 
of 1914-18, with its unprecedented demand for huge 
quantities of accurately produced armaments and other 
products, changed all this. As Cressy puts it: ‘Hundreds of 
shops in which high-speed tool-steel was little more than a 
name began touse it regukrly.ldanyautomatic machines, and 
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especially millers and grinders, crept into small and obscure 
engineering works and came to be regarded as essential 
elements of equipment. The use of jigs for machining or 
drilling objects of awkward shape, and of gauges for the 
production of interchangeable parts, spread to an enormous 
extent under the stress of military necessity.’^ 


CHAPTER IX 

BETWEEN TWO WARS 
(1918-39) 

The years between the two wars were marked not so much 
by startling new inventions as by remarkable advances in the 
efficiency of already familiar machines. This resulted from a 
multitude of small inventions and detailed improvements, 
the work of thousands of engineers, inventors and scientists. 
In 1918, for example, the best power stations requited about 
I J lb. of coal to generate one unit of electricity; by 1939 the 
best stations had reduced this figure to about f lb. In the 
same period improvements in ship design reduced the power 
required to carry a given cargo by some 15-20 per cent, 
while the fuel consumption of engines of the same power 
was reduced by 30-fo per cent; so that the overall fuel 
consumption on the most up-to-date ships was reduced to 
one-third of its former value. Improvements over industry 
as a whole were such that the productivity of labour (i.e. the 
output per man-hour) in the U.S. A, increased by 39 per cent 
between 1920 and 1955. 

But at the same time these improved techniques were not 
always used to the best effect. The average amount of coal 
used to generate a unit of electricity in Great Britain or 
theU.S.A. was about 3 lb. in 1918 and a little under ij lb. in 
T959. In other words ffie average efficiencyof power stations 
Ttm iifMttMeal En^mrtng (Lotulon, 1937), 
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in 1939 was only about half of the best possible and was 
just about equal to the best in existence in 1918; average 
efficiency lagged twenty years behind the best. The advance 
of 39 per cent in productivity, referred to above, was not 
used to provide 39 per cent more goods and services. Actual 
production rose only 14 per cent in the same period and the 
remainder of the increased efficiency was offset by increases 
in unemployment. And similarly (as we shall see below) it 
was frequently the case that various industries failed to use 
the best machinery available. 

It must be remembered in this connection that it is not 
possible to introduce each new technique instantaneously 
over the whole industry. The new machines have to be 
constructed and installed. Whether this can be done or not 
depends, in the last analysis, on whether hands are available 
to do the work. In the mid-nineteenth century also efficiency 
lagged somewhat behind the best possible, but that was 
inevitable, since the number of unemployed was negligible. 
The lag in raising efficiency after 1918 would have been 
equally justified if there had been a scarcity of labour. But 
there were millions of unemployed and the fact that these 
available workers were not set to work in bringing 
efficiency up to the best possible indicates a failure of social 
organization. 

One exception must be made to these remarks. The 
U.S.S.R. had no unemployment (at least after its initial dis- 
turbed period). The efficiency of industry there was by no 
means the best that was technically possible, but at least it was 
the best that was possible in practice, since the whole of the 
available man-power was used to advance it. The U.S.S.R. 
began as a very backward country. It had a few islands of 
advanced industry, but in general pre-revolutionary Russia 
was an agricultural country and a very backward one at 
that, with «aedieval equipment. In 1910 there were ten 
million wooden ploughs and eighteen miUion wooden 
harrows in use in Russia; and only 4 ^ million iron plo,pghs. 
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to say nothing of the almost complete absence of the mote 
modem agricultural equipment, which elsewhere had come 
into use since about 1800. The war of 1914-18 and the 
destructive wars of intervention greatly worsened the 
situation. It took till 1928 to restore production even to its 
pre-war level, and then began the struggle of the Soviet 
people to raise their technique to a level comparable with 
the advanced countries . In 1 93 1 Stalin said, ‘ We are now one 
hundred years behind the advanced countries. We must make 
good this distance in ten years, or they will crush us.’ 

There followed the most rapid and the most conscious 
industriahzation known in history. From 1913 to 1938, the 
volume of industrial production in the U.S.A. increased by 
zo per cent, in Great Britain by 1 3 per cent, in Germany by 
52 per cent. But in the U.S.S.R. industrial production in 
1938 was nine times the 1913 level, in spite of the fact that 
the advance only reaUy began from 1928. In output of elec- 
tric power the IJ.S.S.R. moved from fifteenth place in the 
world in 1913 to third in 1936; in coal production from 
sixth to fourth; in the production of agricultural machinery 
from fifth to first. Tractors and combine harvesters were 
not made at all in Tsarist Russia; by 1936, Soviet production 
led the world in both. 

These results were achieved by a conscious approach to 
the problem of mechanization. The objective of plenty for all 
could be reached only through raising production by the 
most advanced techniques. The raismg of the technical level 
was not left to individuals, but was undertaken by the State 
and became one of its main political tasks. Inventors were 
given everypossible encouragement; apparatus, laboratories, 
and ao on, were lavishly provided. Education was directed 
to providing a maximum of skilled engineers, scientists and 
inventors. Workers were given fedlities to enable them to 
use theU intimate knowledge of the job for thenpurpose of 
taiprovernents. Hundreds of thousands of in- 
fttom workers. The Stakhanovite movement 
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epitomked the conscious struggle to make the best possible 
use of the best possible machines. 

The figures given, however, can be misleading. Though 
its total output was by 1939 on a par with any other country, 
the output of the U.S.S.R. in relation to its population was 
still low. In 1937 its output per head of pig iron (which can 
be taken as a rough index of industrial strength) was 86 
kilograms, against 292 for the U.S. A., 234 for Germany and 
183 for Great Britain. Although the U.S.S.R. was being 
industrialized at a more rapid pace than any other country 
at any time, the Soviet industrial and political leaders still 
reckoned that some fifteen further years were required to 
catch up with the most advanced coimtries of the world. 

It will be impossible, in the space available here, to do 
mote than describe some of the general trends of machinery 
in the period 1918-39 and choose some of the more interest- 
ing examples for more detailed discussion; a complete survey 
would occupy several volumes. Let us turn first to the 
basic machines and methods of production, the successors of 
those we discussed in the previous chapter. We referred 
there to the revolution in industry that was brought about 
by the introduction of high-speed tool-steel. The coming of 
tungsten carbide, second in l^dness only to diamond, as a 
tool material about 1926 began a similar revolution, which 
received further impetus from the introduction of mixtures 
such as tungsten and tantalum carbide about 1939. As a 
result cutting speeds have increased once again by six or 
seven times, implying vast increases in producdon potential. 
Unfortunately, this material, of German origin, came under 
the control of international cartels which greatly restricted 
it^ production and use outside Germany.^ To the people of 

*Fot details see Gtrmmg't Master 'Plan by J, Borkta and C. A. Welsh 
and the U.S. Govetmncnt publication, Ecemmic assd Political Aspects of 
Cartels, by C^tD, Edwards (Washington, 1944), which shows how the 
cartel raised the price per pound of tungsten carbide from its 1927-8 level 
of $50 to $4; 3 and kept it above $200 nil, after an anti-trust Indictment in 
1942, it fell again to between $27 and $43. 
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Other countries this meant loss of potential -wealth. To the 
monopolies involved it doubtless meant no more than the 
protection of vested interests and the maintenance of high 
prices, but to Germany it meant the ability to rearm quickly 
•with efficient tools, -while ensuring that the peace-loving 
nations would be comparatively unprepared for war. 

Grinding, as a substitute for cutting in producing high- 
precision finish, continued to spread rapidly. Centreless 
grinding, which first appeared (though not in its modern 
form) in 1916, came increasingly into use from the twenties 
on. 

Another notable trend in metal cutting was the increasing 
use of oxygen flame cutting. It made possible the cutting of 
thicknesses of steel well beyond the possibilities of mechan- 
ical methods. At the same tune the flame began to take over 
some of the work of cutting tools in operations equivalent 
to planing and boring. Its precision increased greatly, till, 
for example, it could be used for certain types of gear- 
cutting, and fairly automatic flame-cutting machines were 
developed. Just before the war the flame began to be used 
instead of a cutting tool for some types of turning operations 
— only on a limited scale and for coarse work, but implying 
considerable possibilities for the future. 

But the most interesting development was in the great 
increase of highly automatic Inachines. Instruments for 
automatic control of machines and processes formed 8 
per cent of the total sales of machines in the U.S.A. in 
1923; by 1939 they formed 35 per cent. On the smaE scale 
there was the devdopment of lathes and similar equipment 
-with devices to measure the work and stop the machine 
automatically'when the right siize was reached. On a larger 
scale is the plant for making car frames, belonging to A. O, 
Smith and Co., Mfl-waukee, which turns out ohe completed 
fitaDjils every ^conds, or about 10,000 a diy, virtually 
iiyhamsan hand. It is run by a staff of 120, mostly 
PC t3wltdeoaace, so that one car frame is tihe 
X42 
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product of about sixteen man-minutes of work. This machine 
makes seventy-five per cent of the car frames used in the 
U.S.A., other than those used by Ford, who has a similar 
plant of his own. 

One of the most useful automatic machines is the auto- 
matic die-caster, a development of the die-casters which the 
automobile industry brought into being early in the century. 
In such machines objects are cast in permanent metal moulds 
with great rapidity. The machine is not highly specialized — 
mere changing of the die or mould converts it to the pro- 
duction of a new object — and, because of its simplicity, can 
be made highly automatic. A typical example cost about 
£ 1,000 before the war and, attended by one man can cast 
eight pieces per minute or over four million a year, if it 
runs all the time. Of course, it has to stop for repairs, but 
two such machines tunning only half time could produce 
radiator caps for the entire motor-car industry of the world. 
Such machines naturally prompt consideration as to whether 
full use can be made of modern technique when industry is 
run in several competing units. Die-casting is restricted to 
certain alloys, but automadc moulding machines qf a rather 
different type, larger and more complicated, will cast almost 
any metal. A remarkable example is the automatic moulding 
machine at Klimovsk, U.S.S.R,, for iron castings. Its output 
is 10,000 in a two-shift day. It cuts labour reqtiirements by 
60 per cent, auxiliary metd cutting machines, which would 
otherwise be used for finishing, by 7 j per cent, and the cost 
of production by jo per cent. 

Thesimplestprocesscs to makeautomatic are thosein which 
the raw materid is uniform (casting for instance), so that the 
machine has to exercise no function comparable to judge- 
ment. Next come those in which ‘judgement’ is required, 
but this can be exercised through contacts of moving parts 
comparable to the sense of touch. However, human judge- 
ment in production is dmost dways used through the sense 
of sight. For that reason probably the most revolu^onary 
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development of the period under review is the application 
to a wide variet7 of processes of the photo-electric cell or 
‘electric eye’, which transmutes variations in light into 
variations of electric current and thence, through amplifiers 
and relays, into mechanical action. The earliest type of photo- 
cell depended on the discovery in 1873 that the electric 
conductivity of selenium varied with the amount of light 
falling on it. But cells based on this principle are slow in 
response, and the modern extremely sensitive photo-cell, 
based on the fact that certain substances emit electrons when 
light falls on them, is mainly a post-1918 development, 
though again it depends on fundamental discoveries made 
from the eighties onwards. 

Photo-cells have already found a wide application in such 
processes as grading and sorting commodities like rice, 
beans and cigars, detecting and rejecting tins with labels 
missing as they come from an automatic labelling machine, 
reading a drawing and controlling the tool making a copper 
engraving of it for printing. But the biggest potentiahties 
undoubtedly lie in their application to the basic production 
processes of metallurgy and engineering — ^reversing the 
rollers in steam rolling-mills, removing metal bars from 
the furnace at a given temperature, automatic inspection of 
the articles coming off machine tools, and so on. One such 
inspecting machine for camshafts is reported from the U.S.A. 
to have enabled four men to do the work formerly requiring 
eighteen. A British example of about 1939 was an automatic 
machine for drilling and reaming crankshafts, controlled 
by a beam of light acting on a photo-cell through slotted 
c^cs, instead of the usual pam mechanism. An even more 
revolutionary development reported from the U.S.SjR. in 
1940, though details do not appear to be available here 
yet, is a photo-electric lathe, hi which the photo-cell reads 
the blue-pjdnt and controls the actions of the topis on one 
or ktSm to tnjt accordingly, A similar application, 
Wt 'WSit in the U.S,A., is to the control 
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of an oxygen cutting machine by a photo-cell reading a 
scale drawing. 

Such applications of the photo-cell, and of other similar 
devices for measuring temperature, chemical composition, 
etc., promise the possibility of entirely eliminating all those 
monotonous forms of labour in which human judgement is 
used merely to decide whether or not an article conforms to 
a given standard. The ill-effects of such monotonous work, 
repeated endlessly day after day, form one of the most 
serious problems of mass-production methods. The develop- 
ments discussed provide the means of solving it, but, to 
quote C. C. Furnas, ‘as a first guess 1 would say that there 
are at least a million workers in America doing routine tasks 
of sorting, inspecting or controlling, who could be cheaply 
and successfully replaced by devices actuated by photo-cells ’ 
The present author is inclined to believe that the amount of 
such tmnecessary repetition work is even higher in Britain, 
and this must certainly be the case if the developments 
foreshadowed by such invendons as the photo-electric 
lathe are taken into account, 

Concurrendy with these advances in basic produedon 
methods, of which we have merely sketched a few samples, 
came equally important additions to the range of raw mater- 
ials available — a rapid development of plastics, superior for 
some engineering purposes to metals; the appearance of a 
wide variety of new alloys, pardcularly the light alloys 
based on aluminium and magnesium Parallel with this 
came improvements in methods of heat treatment of metals 
(though mostly based on techniques in use in cmder forms 
before 1918) — one example of many is the Shorter process 
for local hardening by heating by a blow-pipe followed 
immediately by a quenching jet, a process which can be 
finely controlled and made substantially automadc. 

To givejtnore than a brief account of the development of 
electrificadon between the wars would fall outside the scope 
* Tin NmI Haiiired Yean (London, 1936), pp. 179-80. 
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of this volume. But some mention of it must be made here, 
since the enormously increased use of electricity for such 
purposes as replacing cumbersome shafting and belting 
connecting machine to steam-engine by small and economic 
individual motors, or by providing new electrolytic methods 
for producing metals, has revolutionized industry; while 
equally, electrical appliances have changed the face of home 
life. The output of electricity in Great Britain, for example, 
rose from about 125 million units a year at the beginning of 
the century to 9,927 million in 1928 and 26,409 million in 
1939. Efficiency improved enormously, as we have already 
noted. Large power stations, generating at high voltages 
and transmitting their power in high-tension cables over 
distances up to 200 or 300 miles, replaced the tiny local 
ditect- current stations of the early part of the century. 
Nevertheless, this progress did not come easily. Mr. S. B. 
Donkin, then President of the Institution of Qvil Engineers, 
said in 1938; ‘The earher technical developments were 
accompani^ by no commensurate improvement in the 
organization of the supply industry as a whole, nor is there 
any evidence which might be put before an impartial 
observer to suggest that the undertakings had any broad 
policy for the future or conception of the part which might 
be played by electricity in national life’.^ The electric supply 
industry, in fact, was almost the first* in which the forms of 
organization of industry, which had played so great a part in 
developing world resources for more than two centuries, 
clearly proved themselves inadequate to carry that develop- 
ment father. The strain of the 1914-18 war showed great 
weaknesses In the industry and after some years of investi- 
gation the Government decided that the industry could only 
^ T/maitiim tie hUrrmtiaul Eng/mnng Canpetf, Glasgow, 1938, p, 49. 

* A mudk csxtunple^ of comae, was the decttic tdegtaph, which in 
Britain h<td to ha nadvostthcd in 1870, beesuae of the poor mid incHideat 
aetrion BhWk % tfao telegttph comp&nks apd the high prices ^atged. When 
Hook OVd, tbs. muhhee of tne^a^ sent trebled in five years, 
dw equiprnent Improved by leaps and bounds. 
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be properly organized by nationalizing the transmitting 
section of it and co-ordinating the generating section. This 
was done by the Electricity Act of 1926, which provided for 
the setting up of the ‘Grid’, one of the greatest engineering 
achievements of our time. The result was a very remarkable 
improvement in the efficiency of the industry. Previously 
each individual station had to maintain sufficient plant to 
cope with its peak load (though that operates for but an hour 
or two a day), besides a considerable amount of reserve 
plant to allow for breakdowns. Now a station on peak load 
could be helped out by another which was slack; the best 
plant could be kept running continuously and the older 
plant used only at the peak, thus lowering the overall cost 
of power; and the linking up enabled one set of reserve plant 
to deal with emergencies in several stations. In 1928, when 
construction of the Grid was just beginning, generators as a 
whole ran on an average only 1,127 hours in the year; by 
1939 they ran 2,701 hours. Each generator, therefore, was 
lying idle for a much shorter tim^ so that a truly enormous 
saving was made in the capital cost of generators. By 1937, 
this amounted to £27 million and had paid — in less than ten 
years — ■for the original cost of the Grid. 

Similar trends occurred elsewhere. In the U.S.A. mudi of 
the electricity industry remains in private hands, but the most 
outstanding advances have been made in Federal schemes 
like the Tennessee Valley Autiiority, which formed the 
central pivot for the development of a backward area into 
one of (he more advanced industrial districts in the U.S.A., 
and which raised the average domestic consumption of 
eleclaicity in the Valley by 146 per cent in two years. 

Planning is the key to an efficient electricity supply. The 
U.S.S.R. with its fully planned industry had ther^ore a 
special advantage — though this had to be set against the 
disadvantage of an extremely backward industry to start 
from. Though the U.S.S.R. had still a long way to go 
before overtaking the other major powers in the capita 
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consumption of electricity, nevertheless the advances made 
were truly amazing — ^from 500 million units generated in 
1920 to 4,205 million in 1927, 13,540 million in 1932 and 
36,400 million in 1937. The planning of the whole of 
industry allowed a much more eflBcient use of the plant than 
elsewhere. Thus the generators in district power stations in 
the U.S.S.R. were able to work 4,300 hours in 1935, against 
2,300 hours, for example, in Great Britain. 

The technical progress of the electricity industry since 
1918 is mostly a matter of gradual improvement, increases 
in efficiency, higher transmission voltages and so on, the 
details of which would be out of place here. Apart from some 
experimental progress towards the realization of high- 
tension direet-cttirent transmission, which would allow trans- 
mission over much longer distances, the only outstandingly 
new technical development was that of combined heat and 
power generation. In tliis the heat which necessarily emerges 
from the condensers of the steam-turbines and which was 
formerly wasted, is transmitted as hot water or steam through 
pipes to factories or blocks of flats to be used there instead 
of local heating apparatus. This method leads to a fuel 
economy of some 30 pet cent. The U.S.S.E.. has led the 
world in this particular development, though district heat 
distribution unconnected with electricity supply is not 
uncommon in the U.S.A. 

By 1918 machines had been developed which mechanized 
the agricultural processes of ploughing, cultivating, sowing, 
reaping and threshing cereals, the various hay-making 
processes, and some of the processes connected with root 
crops, besides various miscellaneous machines which we 
have not mentioned. The tractor was already beginning to 
replace the horse. It was subsequently greatly improved, 
while about 1924 appeared tractors wiffi high clearances 
iittitable for Cfuliivation between rows of young plants. The 
vim 'sws made of ttactois and other ma<ffiinery varied 
fcotn owfitty to country. In the U.S.A., where 
14ft 
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the development was most rapid, the number of tractors in 
use rose from 80,000 in 1918 to 1,600,000 in 1939. That 
amounts to somewhere about fifteen per hundred workers on 
theland.^ Butin GreatBritain the number in 1939 was only 
55,000 or about eight per hundred workers. The U.S.S.R., 
starting from the very primitive agriculture we have already 
described, had only 700 tractors in 1920 and from this 
developed to 483,000 in 1938 and 523,000 in 1940, In 
relation to land workers this still remains very small — 
rather less than one tractor per hundred workers. On the 
other hand, the organization of agriculture in collective 
farms permitted a much more efficient use of the machinery 
than elsewhere. Expressing the work done by a tractor in 
terms of the equivalent of ploughing an acre, the average 
output of a Soviet tractor in 1936 was 1,110 acres, against 
225 in U.S.A. That meant that, although the U.S.A. had 
four times as many tractors as the U.S.S.R. the actual work 
got out of them was only the equivalent of some 350 million 
acres of ploughing, against nearly 600 million in the U.S.S.R. 
Similarly it has been estimated* that the output of British 
tractojs could easily be trebled. Some 90 per cent of Soviet 
ploughing and sowing was done by machine and 5 o per cent 
of the grain harvested by combine in 1940. This last figure 
was also reached in the U.S.A. in 1958. 

Among the new agricultural machines that came into use 
in this period one of the most notable was the gyrodller 
which cultivates the ground by blades rotating beneath it, as 
it travels along on a caterpillar tread. The principle was 
tried in California as early as 1868 and in Britain in the 
seventies and eighties, but the lack of caterpillar tread and 
the great weight of the steam-power units prevented its 
successful use. Successful machines were developed shortly 

* Thtse figures, however, fail to show the extreme unevenness of develop- 
ment. The lat^ mass of small faims did not have the benefit of machinery. 
Only about one fitrm In sW had a tractor, while one in five was without even 
animal-power. 

* D. N. McHatdy, PetyerFotmagJot Crops and Stock (Reading, 19^), p. 9. 
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after 1930. The same principle has also been, successfully 
applied on a smaller scale to give machines suitable even for 
market-gardening work. 

In other aspects of agriculture mechanization was still at 
the pioneering stage. Ditchii^ and drainage were success- 
fully mechanized in this period. Machinery for vegetable 
and root crops developed notably. The potato-harvesting 
machines referred to in the last chapter were considerably 
improved, though even by 1939 the elevator-lifter required 
favourable soil conditions. Attempts were made to mechanize 
beet lifting, with a degree of success which is well estimated 
by the comment in the Journal of the Ministry of Agriculture:^ 
‘Several beet harvesters are available, and some of them, at 
any rate, arc worth serious attention*. Machines for trans- 
planting young vegetables were successfully developed. 
Attempts to pull flax mechanically were not in general 
successful, though reports from the U.S.S.R. about 1940 
indicate the favourable development of a combine which 
pulls, cleans and binds three acres of flax an hour. In the 
U.S.S.R. machines were also in the experimental stage for 
some jobs hitherto done entirely by hand, such as picking 
and pressing tea leaves and pruning tea bushes. 

Mechanical cotton-picking has had a singularly unfor- 
tunate history. The first patent for a mechanical cotton- 
picker, in the U.S.A., dates from 1850, and by 1937 over 900 
patents had been filed. Yet cotton was still picked almost 
entirely by hand. Concerning a recent machine which can 
pick in 7 J hours as much as a good hand picket in five weeks 
and which could reduce the labour required by 73 per cent, 
the U.S. Government report Teehnologjcal Trends comment 
(page j8); ‘Fear of over-production with consequent 
shattering of existing price levels, and of dramatic displace- 
ment of cotton pickers, is deterring the introduction of the 
automatic cotton picker invented by the Rust brothers. . . 
The inventors, cognisiaat of the revolutionary consequences 
»VoInino45(j:938-9)»Pp. 593-^. 
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attending theit invenlionj are themselves withholding its 
application, except for its trial use on a co-operative farm in 
Mississippi and in the Soviet Umon, where the problem of 
unemployment does not exist and the introduction of the 
machines can be regulated.’ In the last analysis the root 
cause of the trouble was the cheapness of hand-picking 
labour arising from the low standard of living at which the 
Negro population of the Southern States is forced to exist. 
It is doubtful if this or any other cotton-picker is yet in a 
fully satisfactory state; but even if that be the case, the blame 
must still rest to some extent with the cheapness of labour 
and consequent diminishedincentive to replace it by machine. 

From all these examples it will be clear that the possibilities 
of mechanization in agriculture still lie largely in the future. 

In Chapter VII we noted that mechamzation had become 
established by 1918 in two important aspects of coal- 
mining, namely undercutting and conveying the coal from 
the face. Here again the relative rates of progress in various 
countries are of interest. In the U.S.A. the percentage of 
bituminous coal cut by machine rose from 5 1 percent in 1913 
to 79 per cent in 1935, Britain on the other hand reached 
the American 1913 level of 51 per cent only in 1935, and 
even in 1939 reached only 61 per cent. Similarly in 1939 only 
58 pet cent of Britain’s coal was carried from the coal-face 
in conveyors. In the U.S.S.R., where the backward Tsarist 
regime cut only 17 per cent of its coal mechanically in 1913, 
the rate of mechanization of the industry was truly remark- 
able. By 1940 over 95 per cent was cut by machine and the 
industry was said to be more highly mechanized than in any 
other country in the world (though the figure was liigher 
in particular coalfields elsewhere, for example, the Ruhr 
wirii over 97 per cent). 

The serious lag in the mechanization of British mines 
naturally igeant that the productivity of labour remained 
low and prices high, and, since almost the whole of British 
industry depends on coal for its power, this was a very 
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serious drag on British industrial progress. The events of 
the second World War brought these facts home to the 
British people, and the Government set up a Technical 
Advisory Committee on the Coal Industry under the chair- 
manship ofMr. C. C. Reid. Its report(i945)was illuminating. 
Different natural conditions, it said, invalidate any com- 
parison of the British and American industries, but natural 
conditions in Britain are ‘comparable with those of the 
Ruhr and Holland, and, therefore, afford no explanation 
of the much lower O.M.S. in Britain’. (O.M.S. is the 
Report’s abbreviation for ‘output per man-shift’, which in 
1936 was only 23.54 cwt. in Britain, compared with 35.94 
cwt. in Holland and 33.66 in the Ruhr — ^in spite of the fact 
that in 1913 Britain was slightly ahead of both these.) The 
explanation of this low O.M.S., said the Committee, lay 
not only in the failure to mechanize the mining processes, 
but more fundamentally in the poor general planning of 
minp layout and systems of underground transport (which 
depends largely on layout). Questions of general mine 
planning are beyond the scope of this book, but we have 
to note the fact of the British industry’s backwardness in 
this respect, because, as the Reid Report stresses, the out- 
dated layout and haulage systems were unable to deal with 
the greater potential output of mechanized methods at the 
fece, and were therefore an important factor in retarding the 
introduction of machine-cutting and conveying. The report 
noade recommendations for a drastic technical reorganiza- 
tion of the industry, and said, . we have come to the 
conclusion that it is not enough simply to recommend 
technical changes which we believe to be fully practicable, 
when it is evident to us, as mining engineers, that they 
cannot be satisfactorily carried through by the Industry 
organized as it is today’. Thus, other considerations apart, 
the recent nadondizadon of the coal-mining industry is 
^toQ^taty step towards its urgently required technical 
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We turn now to more recent developments in mining 
machinery, whose value could not be regarded as fully 
established in this period. By 1918, we have seen, some 
preliminary attempts had been made at power loading on 
to the conveyor at the coal-face. But the real beginning of 
power loading dates from J. F. Joy’s design of 1922. It 
cannot be said, however, that the problem of loading has 
yet been solved in a way that is satisfactory in all circum- 
stances and even by 1937 only 17 per cent of American 
bituminous coal was loaded mechanically, while Britain had 
only about twenty power loaders in 1939. A modern loader 
is shown in Figure 44. Machines which cut the coal, break 
it down and load it as one process are a more recent 
development of some promise in all the advanced countries, 
though they have yet to prove their worth. 

The idea of breaking the coal down, after undercutting, 
by machines using hydraulic power, was tried out before 
1914, but little use was made of them till about 1936, when 
they gave excellent results in at least one British colliery. 
A cylinder with pistons in its side is pushed into a hole 
spec^ly drilled and hydraulic power pushes the pistons 
out and breaks the coal down. The method gives a smaller 
proportion of ‘smalls’ than shot-firing and is very much 
safer. 

In 1937 a mine at Sverdlovsk in the U.S.S.R, tried out 
the new method of hydro-mechanical mining. The coal is 
smashed up and carried away by high-pressure jets of water 
directed at the coal-face. The water not only wins the coal, 
but also transports it in troughs and the smaller particles 
are even pumped to the surface in the water. It was estimated 
that the method increased the productivity of labour three- 
fold and cut production costs by one-half. By 1940 it was 
being applied in several other mines. 

The greatest Soviet innovation, however, was the under- 
ground gasification of coal. It is not striedy a ‘tool’ or 
‘machine’, but because of its potential effects on jiowct 
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production it must have some discussion here. It eliminates 
mining altogether and turns the coal seam into an under- 
ground gasworks. Air or steam or a combination or alter- 
nation of the two is pumped down one shaft to the burning 
coal seam and up another comes the gas, which can be varied 
in composition at will. The idea of this method was sug- 
gested early in the century by William Ramsay, an English 
chemist, but it was not tried out till Soviet experiments 
began about 1933. Many difficulties had to be overcome, 
but by 1940 the first full-scale industrial station was esta- 
blished and several more followed it. The method shows 
several advantages over mining, at least for some types of 
seams. It abohshes the dangers of undergrouna work. It 
extracts 80-90 per cent of the coal, as against 60 per cent 
by mining methods. It makes economical the exploitation 
of seams which ate too thin and of too low quality for 
ordinary methods (it is to these that it has so fat been 
applied, and it may prove to be less advantageous for rich 
seams). Although the method is stiU in its infancy, it is 
claimed that it has already reduced the cost of power pro- 
duction from coal to one-third of the usual. The gas which 
emerges is used for electric power generation and as the 
basis for synthetic chemical industries, besides being distri- 
buted to consumers in the same way as ordinary town gas. 

The synthetic chemical industries just referred to, or 
indeed any synthetic chemical industries and a large variety 
of other industries, require a cheap and abundant supply of 
oxygen. Special interest therefore attaches to another recent 
invention emanating from the U.S.S.R. Oxygen is obtained 
by distilling liquid air, and we have noted in Qiapter VII 
the Linde and Claude processes for liquefying air. Just as 
the steam-turbine is a mote efficient engine than the recipro- 
cating engine, so also a turbine should be more efficient for 
liquefying air than Claude’s reciprocating engine. This fact 
eSjirly realized, but the difficulties of design were so 
itiateftJhat no progress yiras made till Kapitza produced a 
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piactical machine in 1939, in which the liquefying is done 
in a turbine rotating at 40,000 revolutions per minute. The 
Linde and Claude processes require compression of the air 
to 200 atmospheres; Kapitza’s needs only 5 atmospheres, 
thus reducing the size and cost of compressor plant. Early 
models equalled the cffieiency of the established processes, 
and though no details are yet available of the results of the 
large-scale development of the process which has since 
gone on in the U.S.S.R., it appears that the efficiency should 
be raised by some 20 per cent. 

One of the most remarkable invendons since 1918 was 
in connection with the less violent refrigeration for food 
preservadon (as in the domestic refrigerator). All the early 
refrigerators required a pump as part of the mechanism. 
The invendon (patented 1923 by a Swedish firm) of a 
refrigerator driven entirely by heat and using no pump 
was a piece of outstanding ingenuity. The heat which a 
refrigerator withdraws from the object it is cooling is given 
out into its surroundings. In other words, a refrigerator 
will act as a heater, and in this form it is called a ‘ heat-pump 
When using electricity it is much more efficient than the 
familiar resistance heater. All this was realized by Kelvin 
in iSjz, but only in recent years has the idea been put to 
practical use. It has already proved successful in heating 
for certain industrial processes and heating public buildings, 
and it appears very likely to become important for domestic 
heating in the future — ^because of its high efficiency and 
the fact that it can be used in reverse for cooling in hot 
weather. 

Compared with, say, the period 1873-95, which saw the 
perfection of the gas-engine, the development of the main 
types of petrol and oil engines, including the Diesel, and the 
development of the steam-turbine, the twenty years between 
the two waj# were not remarkable for the invention of prime 
movers. There were great increases in efficiency, of course, 
such as those we mentioned at the beginning of the chapter, 
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and one fundamentally new form of prime mover appears 
to have passed through the critical stages of its development 
shortly before the second World War — ^namely the internal- 
combustion turbine, which uses the expansion of burning 
gas (or atomized liquid fuels) directly to drive a turbine. 
There arc obvious advantages to be hoped for from such 
an engine — chiefly low initial cost, small size and weight 
for a given power output, quick starting (compared with 
steam), independence of water supply and simplicity of con- 
struction. The chief disadvantage is that in order to attain 
reasonable efiiciency the turbine has to work at a very high 
temperature which implies very high demands on the 
materials of construction. 

Curiously enough, the first known proposal for an oil 
engine, that of John Barber in 1791, was for a crude type 
of turbine. This, of course, was a freak, of no practical 
importance, but towards the end of the nineteenth century 
more practical attempts were made. The first to reach any 
success was that of Holzwarth, designed in 1905, which 
after trials and improvements was used industrially to a 
limited extent. This, however, was an explosion turbine, 
the burning of the gas taking place intermittently. It thus 
avoided many of the problems associated with a continuous 
turbine, but in doing so it sacrificed the advantage of 
simplicity — it was, in fact, a highly complicated machine. 
The development of the continuous turbine belongs largely 
to the inter-war period and was done chiefly by a Swiss 
firm. It was first used for auxiliary purposes, where waste 
gaseous fuel was available, so that efficiency was less 
important: for example, exhaust gas-turbines to super- 
ch^ge Diesel engines and later for charging Velox boilers 
and other processes. But as its efficiency increased (to some 
ly-zo per cent^ compared with 50-35 pet cent for the 
best steam cydes), it became feasible to use die turbine 
pmdu^^ of power in certain cases where 
ajjimitages .outweighed its comparatively low 
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efliciency. For taking the peak load in electricity geneia- 
tion, where the engine may only run for some three or four 
hundred hour^ a year, so that low capital cost and quick 
starting are more important than efficiency, it appears to be 
an economic proposition. The first ^installation (4,000 kW.) 
for this purpose was made just before the war at Neuchitel 
in Switzerland. Again, it has obvious advantages for use 
on railways where lightness is impoitant and where the 
efficiency of the steam locomotive is very low (8-1 z per 
cent). The first locomotive of this type, of 2,000 h.p., 
with an overall efficiency of some 15-18 per cent, was 
ordered for the Swiss Federal Railways just before the war 
and has since been put into commission. Very consider- 
able attention has also been devoted to the gas-turbine in the 
Soviet Union. Details do not seem to be available here yet, 
but apparently a beginning was being made about 1940 of 
large-scale installations for the production of electric power 
from underground gasification stations. It is too early yet 
to estimate the place that the gas-turbine will take in fiiture 
power production. The difficulties of producing materials 
to withstand the high temperatures required for efficiencies 
comparable with steam are very great. But there is no 
reason to believe them insuperable, and the gas-turbine 
may within a few years become one of our principal prime 
movers. It wUl certainly have great advantages wherever 
underground gasification is developed.® (See Figure 49.) 

The war of 1914-18, as we have seen, found the aeroplane 
at little more than an esperimcntal stage and left it as a 

® Gas turbine geoeisimg sets up to 6000 kW. had been used for some years 
before the war in American oilfields; but this is not a paiailel case, since cheap 
fad was available. 

“VWiile the book was in the press I learnt of the Escher Wyss ‘aero- 
dynamic’ turbine, a Swiss wartime devdoptnent of the dosed-cycle gas 
tnrHne, whifth appears to give very satisfactoty results. It ptomises in laige 
plants to yield effidendes of the order of 4; per cent. As a piovisional 
iudgement it would seem very likdy that this type of turbine may in a few 
years iargdy displace the steam turbine. 
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reliable machine capable of development as a useful servant. 
In 1919, the year the Atlantic was first flown, regular air 
services were first estabhshed covering 3,200 miles of route. 
By the next year the figure had risen to 9,700 miles and 
neatly three nullion miles were flown. By 1938 there were 
349,100 miles of regular air services in operation, and the 
mileage flown was nearly 234 inilhons, an expansion of 
seventy-eight times in eighteen yeatsl In May 1939, Pan- 
American Airways began the first regular transatlantic air 
mail. The expansion is an indicator of the increased efficiency 
and safety of aircraft, brought about by a multitude of de- 
tailed improvements as well as some outstanding inventions 
such as the Handley-Page slot (1919), flaps, the application 
of die super-charger (earlier used on racing cars) and the 
variable-pitch propeller (developed by a series of inventors 
between 1924 and 1934). The last two enabled aeroplanes to 
fly at great heights, thus reducing air resistance and greatly 
increasing speed. The auto-gyro, which made some approach 
to the solution of the awkward problem of the large aero- 
dromes required for air travel, appeared about 1925. Many 
attempts were made to produce practical helicopters, which 
would completely solve this problem by allowing take-off and 
landing on a few square yards. Limited success was obtained 
from about 1937 on, but the really practical development 
of the helicopter is one of the important by-products of the 
second World Wat. 

Radio, like the aeroplane, had passed its most critical 
barriers in the 1914-18 war and thereafter it too developed 
with extreme rapidity. The advance from the first tentative 
broadcasts in 1920 to the important part that broadcasting 
plays in life today and the great reliability with which it 
plays that part k a reflection of the great improvements in 
technical ^dency, Weas for beam transmission had been 
put froth 1905 onwards. But its practical achieve- 

msiat dtites £it<si»t *924*. vhen work by Marconi and Franklin 
itt the setting up in Britain of a radio telegraph 
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Station for communication with the Dominions and India, 
using short-wave beams. Beam transmission provided the 
basis for much wider use of the radio telephone, which 
gives better telephonic communication over great distances 
than do the land-line and cable. A public transatlantic 
radio telephone service was opened in 1926. Radio com- 
munication over long distances is considerably cheaper to 
operate than the cable method. As Norton Leonard puts 
it: ‘It requires thousands of miles of extremely expensive 
cable to cross an ocean. Large ships must be kept in readi- 
ness to repair the lines, which are often damaged by anchors, 
sea animals, and earthquakes. They are by no means free 
from disturbances akin to static, and their capacity is com- 
paratively small. Transoceanic wireless requires only two 
stations, which are vastly cheaper to build and operate than 
the cables. The use of different wave-lengths at different 
times has removed the last vestiges of undependability. 
But nevertheless the wireless charges the same rates as the 
cable. This is because the cable companies, by means of 
alliances with land-wire networks, have prevented wireless 
from undercutting their monopoly. If it should tty, it would 
have no effective means of delivering or collecting messages.’^ 
Television also approached practicability shortly before 
the second World War. Its history actually goes back a 
surprisingly long way. Telegraphy of single pictures was 
achieved experimentally before 1850 and a wotkablc system 
of radio picture telegraphy was devised by Korn of Germany 
in 1907. A transoceanic commercial radio photogtam service 
was in operation in 1926, though the process did not 
become important till about 1955. As regards television — 
the instantaneous transmission of moving pictures — ^the 
basic principles were enunciated by Casselie in 1855 and 
an apparatus was buUt by Senlecq in 1877 — only four years 
after the (Wscovery of the principle of the selenium photo- 
cell, Nipkow invented the scanning disc in 1882. In 1901 
* Took ^Tmerrmi (London, ipjj), p. 0.66, 
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Fessenden designed a radio television system. By 1911 
television had been achieved, crude and imperfect, certainly 
not lit to have any ajsthetic or entertainment value, but 
nevertheless, a portent of what was to come with the 
improvement of radio technique and the arrival of modern 
photo-cells and other electronic devices.^ Credit for the 
fiist really useful television system is usually given to Baird 
whose apparatus was first demonstrated in 1926, though, 
in fact, many inventors and scientists contributed largely 
to the development. From 1929 onwards the B.B.C. trans- 
mitted experimental programmes on the Baird system, but 
by 1937 it was decided to replace this by another system 
depending on the use of a very remarkable form of photo- 
cell called the ‘Emitron’ tube. While even up to 1939 tele- 
vision transmission was by no means satisfactory, it appeared 
to have advanced sufficiently far to promise possibilities 
of great developments in the next few years. 

Another important invention arising ftom electronic 
technique is the ‘talking-picture*. A ‘talkie’ system was 
designed by Ruhmer in 1900, while in 1906 Eugene Lauste 
produced a system which was essentially modem in form 
and apparently satisfactory in most respects. It failed, 
however, from lack of amplification. Nevertheless, it was 
in the same year that the triode valve, the essential con- 
stituent of the amplifier, appeared and amplifiers for radio 
were rapidly developed thereafter. It might have been 
expected, therefore, ^at a combination of Lauste’s system 
with the amplifier, plus some improvement and refinement, 
would have produced satisfactory ‘talkies’ within a few 

> ' Elect! onics’ is the science of devices and machines which depend foi tb^ 
operation on the tnsnipolatlon of elections — ^the radio valve, the phpto-ceil, 
and so on. Tn sntvt^g this chapter the reader will note that while the 
primary pditcjplds or deotronics were discovered befoie 191S, their muld- 
{atioua deivdopntsnt and applicadon was the gteatest conttlbutlon of the 
ii;tl«t^<«iM yvata pt the faktoty of tnadunes. It is also a contiibutlon in which 
^ -faK& B W ental sdendetv as contrasted with the applied scientist and 
A part than in any previous case. 
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years. But development was, in fact, remarkably slow. 
It was not till after de Forest’s patent in 1923 that any 
significant development took place, and the first public 
sound picture was ‘The Jazz Singer’ of 1928. Coloured 
films came a little later. Between 1954 and 1940 the Soviet 
inventor, Ivanov, developed a stereoscopic cinema, not 
requiring coloured spectacles or such aids, which gave 
satisfactory results. Several cinemas were equipped with it 
in 1940 and from 1941 onwards the apparatus was being 
manufactured in quantity. It has not so far been used outside 
the U.S.S.R. 

While on this subject, a word on the gramophone and 
other sound-recording and reproducing devices will be in 
place. The gramophone was greatly improved by electrical 
recording in 1924. The system of recording sound on a 
magnetized steel strip was patented by Poulsen in 1900 and 
greatly developed by StiUe and others from 1924, to yield 
the Blattnerphone and the later Marconi-Stille recorder of 
1933. The system has very great advantages over the 
gramophone especially in such matters as length of life 
of the record, but unfortunately it has not yet been allowed 
to come on the market for general use. It is alleged^ that the 
use of this and other recording methods has been inten- 
tionally restricted by the powerful gramophone monopolies, 
though the libel law prevents the publication of evidence 
which might give proof. Another new system of recording 
and reproduction using rolls of paper was invented by 
B. P. Skvortsov just before the beginning of the war, and 
production was begun in the U.S.S.R. in 1940. The records 
are said to cost about one-fifth as mudi as gramophone 
records besides giving a much longer life. 

A large number of the machines and appliances that we 
have discussed in the last few pages are related to life in a 
fundamentjilly different way from the machines of earlier 
times. They are used for the direct satisfaction of some need 
’■See, for atample, O. W, Rosldll in Et^rntrins tsS (t943)» P« 
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of the consumeij instead of for the production of some ardde 
which the consumer desires. TiU the nineteenth century 
almost every machine or tool worthy of discussion was an 
instrument of production. It made the cloth the consumer 
would use, or carried it from the factory to the shop. There 
were exceptions, of course, like clocks or passenger trans- 
port. But towards 1900 there began to appear machines 
intended for the consumer to use directly for his personal 
benefit — the telephone, the cinema, the gramophone, the 
bicycle, the motor-car. This tendency grew strong after 1918. 
Motor-cars became fairly common. The ‘talkies’ became 
an essential pait of life. In the home machines became 
familiar — the vacuum cleaner, the washing machine, the 
refrigerator, the radio, etc., where earlier perhaps the only 
important machine found in the home was the mangle. 
The use of advanced machinery in production remained, 
of course, the basis of a high stondard of living, but machines 
used for pleasure or personal convenience came to play an 
important part. The number of telephones per thousand 
people in the U.S.A. was less than 5 in 1895; by 1910 it had 
reached 82; by 1950, 164. Thereafter it declined to only 
130 in 1939. This last draws our attention to the fact that, 
widespread as they were, telephones (apart from those used 
in business, which formed about one-third of the total) 
were confined to a small section of the population, the 
comparatively well-to-do. A saturation point was reached 
at which aU those who could afford telephones possessed 
them, and as a result of the depression in the thirties the 
number actually declined. It was the same in other cases. 
Of the homes in the U.S.A. wired for electricity in 1936, only 
48 per cent had vacuum cleaners, only 34 per cent refrigera- 
tors. We quote American figures because these problems 
have been seriously studied by a number of committees set 
Up by the tl^S. Governmentj similar figure* for Great 
aps difficult to estimate, but they would almost 
^ be lower. Refettu^ to these and other electrical 

i6z 



BETWEF-N TWO WARS 


appliances, the official U.S. Government publication, 
’Technological Ttends, remarks (p. 325): ‘The wonder is not 
that so many homes are now employing these electrical 
servants — ^but rather that so many are faihng (usually for 
economic reasons) to utilize these conveniences’. Con- 
siderations similar to those we mentioned in discussing 
failures to make full use of up-to-date techniques at the 
beginning of this chapter apply again in this case. If there 
had been a shortage of man-power, then these electrical and 
mechanical appliances could have been manufactured no 
more quicldy and it would have been natural and necessary 
that only a proportion of the people should have them. 
But, as there were many millions of unemployed, it would 
have been possible to manufacture at a higher rate and 
provide at least a higher proportion, if not all, with modern 
conveniences and labour-saving devices. 


CHAPTER X 

THE SECOND WORLD WAR 
(1959-45) 

Recent events always appear in foreshortened perspective. 
That fact has made it very difficult to achieve a proper 
balance in the previous chapter; the reader of the future 
will doubtless find that important achievements have been 
under-rated in it and that too much stress has been laid 
on others — only time will show truly the relative importance 
of the various inventions and techniques, The difficulty is 
far greater in the present chapter. At the time when it is 
being written Qanuary 1946), it is perhaps possible to 
evaluate with reasonable accuracy the relative importance 
of various inventions in helping to win the war. But it is 
more important for a book of this type to assesg their 
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value for the peaceful progress of the future; and in 
that it is only possible to give an assessment that seems 
reasonable at the moment, and add the qualification that it 
must be revised in the light of future experience. 

But even now it is clear that these years will stand among 
the most briUiant periods of advance in mechanical matters 
and that the troubles which before 1939 sometimes pre- 
vented the full utilization of our mechanical equipment 
were during the war years largely swept away. Private 
interests were subjected to the national need. Wasteful 
competition on the one hand, and the restriction of pro- 
duedon by monopoly on the other, were over-ridden by 
nadonai control. The Handbook of U.S.A., issued by the 
U.S. Office of War Information, tells us: ‘In pre-war days, 
the intricate maze of cartels (international commercial agree- 
ments), while protecting private interests and profits, tended 
to limit production. After the United States entered the war, 
ahcn-hcld patents came under the control of the Alien 
Property Custodian, and thus helped to speed U.S. pro- 
duction’ — and similar steps were taken in Great Britatn. 
The State took control of production and insisted on the 
use of the most efficient methods possible (with some 
unfortunate exceptions). Joint Production Committees, by 
giving the workers a share in policy formulation, played a 
big part in the drive for efficiency. Research and the develop- 
ment of new inventions were also subjected to Government 
control, and indeed largely carried out in Government 
establishments. The result was a very great raising of the 
technical level in many industries, as the best possible 
machines were widely introduced. At the same time there 
came a number of important new inventions. 

The most cfifficult to evaluate, yet probably far and away 
the most important for the future of mankind, was the 
release of nudear energy. The chain of events which had 
its idMcalmittatiori in the atomic bomb began in 1896, when 
j'jfihtsqtssfiel (Jlsijofvisced radio-activity. There is no space here 
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to describe the tescatch carried on by scientists in all parts 
of the world, and most notably by Lord Rutherford and 
his associates, which led up to the discovery by Hahn and 
Strassman in 1938 of the particular property of the uranium 
nucleus, which was to lead to the release of nuclear energy. 
They did not fully understand their results, but the correct 
explanation was given in 1939 by Frisch and Meitner, It 
was found that when a particvilar land of sub-atomic particle, 
the neutron, enters the nucleus of an uranium atom, this 
nucleus splits into two roughly equal parts, a vast amount 
of energy is set free, and more neutrons are produced 
which, given the right circumstances, could be made to 
split more uranium nuclei, thus giving a process that would 
build up into an enormous release of energy. 

Then came the war. Scientists in Great Britain and U.S.A. 
convinced their respective Governments that this process of 
nuclear fission (as it is called) was likely to yield a bomb 
thousands of times more powerful than any previously 
known. Vast research projects were set in motion by the 
two Governments, at first separately, later jointly. £500 
million was spent on research, development, construction 
of the plant, and the eventual manufacture of atomic bombs, 
A point that emerges is the magnitude of the results that 
are obtainable, the rate at which technical advance can be 
pushed forward, when full financial facilities are given to 
scientists and engineers. As Sir John Anderson said, ‘In 
four years our scientists have solved a problem that in 
peace might have taken twenty-five to fifty years’. 

The atomic bomb, we all hope, is but a passing phase in 
the history of the world. But what of the possible uses of 
atomic energy for peaceful and constructive purposes? It 
is too early yet to prophesy with any certainty, but this 
much we can say: the consequences, for good or evil, of 
the release, of nuclear energy will be tremendous. This is 
the most fundamental step forward in man’s control of 
nature since he learnt to control fire, perhaps aoo,ooo years 
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ago. That is not )ust a dramatic statement made for effect. 
It is based on the scientific nature of the discovery. There 
are, to the best of our present knowledge, three funda- 
mentally different kinds of natural forces — gravitational 
forces, chemical or electro-magnetic forces, and nuclear 
forces. Animals have some limited mastery of gravitational 
forces — ^some birds carry snails aloft and drop them to 
break the shells. But no animal has any significant control 
of chemical forces. It look man to achieve that — ^when he 
learnt to control and use the most important of chemical 
processes, fire. In one sense technical history since then has 
been the story of how man learnt to make better and better 
use of his control over gravitational forces and chemical 
forces (and this book, apart fiom the first page of Chapter I, 
is a mere snapshot of the last thirtieth of that story). Man 
learnt, for example, to use gravitational forces to drive 
water-wheels. He learnt to use chemical forces to drive 
steam-engines. Although it is not at first sight obvious, all 
the forces involved in electrical machinery are of the same 
fundamental nature as chemical forces. During aU this 
time men were merely finding new ways of using old forces. 
Now, in the last few years, they have learned to control a 
third, fundamentally different, type of force — ^the force that 
binds the particles of the nuclei of atoms. These nuclear 
forces are far more powerful than the others, because they 
are, as it were, nearer to the centre of the basic plan of 
the universe. 

When men first discovered how to use fire, they can have 
had no conception of the many uses it would eventually be 
put to — ^they would not have foreseen steam-engines or 
alloy steels, or plastics. All they would see at first would be 
possibilities of applying fire as a substitute for something 
dsc to dp something that was already familiar— to warm 
them when the sun Med, to give %ht on moonless nights. 
Oifiy they learned ^e other possibilities of fire — 

pottery) metals, steam-engine, and so on. In the 
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same way, we today cannot foresee what will be the conse- 
quences of this equally fundamental conquest of nuclear 
forces. We can only say that it will probably tiansform the 
life of humanity just as fundamentally as did that ancient 
discovery of fire. But there will be one big difference. It took 
200,000 years to work out the consequences of the conttol 
of fire. Nowadays progress is incomparably faster, and it 
will probably only take a very few generations for nuclear 
energy to make corresponding changes in human life. 

We can, however, make limited forecasts about appli- 
cations of nuclear energy to processes which are already 
familiar — ^for example, about the production of power for 
peaceful industrial purposes. At least we know that atomic 
energy need not necessarily be released in the violent form 
that was used for the bomb. It can be released, in the form 
of heat, as slowly and quietly as may be desired — and in 
fact energy is released very slowly in one of the processes 
for maldng the bomb. Already it would be possible to run 
a steam-engine on atomic energy — ^but at present it would 
not be efficient enough for practical purposes. However, 
the broad principles of an atomic engine are now under- 
stood, and further, it is possible to formulate at least some 
of the main practical difficulties to be overcome. On this 
basis it seems reasonable to forecast that atomic energy 
may be available for driving central electric power stations 
within a period of between ten and fifty years. Whether it 
is nearer ten or neater fifty depends on many factors, but 
probably most of all on whether an effort is devoted to this 
task comparable to that which was put into the production 
of the atomic bomb. 

Now the amount of energy (or power) available is one of 
the most important factors in determining how much each 
man and woman in tlie community can produce, and there- 
fore in determining the standard of living. Mankind’s 
progress has been quite largely conditioned by the amount 
of energy he was able to command — ^fimt only his own 
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musdes, then step by step animal-power, wind- and water- 
power, coal and oil. This new control over nuclear energy 
IS likely further to increase our power resources, at least 
considerably, perhaps enormously. There is, of course, a 
hnut to the amount of uranium available. But the release of 
nuclear energy from uranium is only a first step. Just as man's 
use of fire was not confined to burning wood, with which 
he probably started, but was extended gradually to many 
other fuels, so also it is likely that we shall eventually learn 
to obtain nuclear energy from many other materials besides 
uranium — and we shall do so incomparably faster. There is 
every reason to think that before reserves of uranium are ex- 
hausted, nuclear power will be obtained in many other ways. 

Even at first, when nuclear processes may not perhaps 
greatly increase the total power available, they will at least 
extend gready the range of circumstances in which power 
can be used. Since the weight of uranium involved is negli- 
gible compared with the weight of fuel in other power pro- 
cesses, power will become readily available in places where 
transport problems have hitherto prevented its use; and 
that may open up new fields of natural resources which have 
hitherto been unavailable for exploitation. In addition, the 
process of fission promises many other benefits, for example 
in medical research, which are outside the scope of this book. 

Thus, provided-^and the proviso is a very serious one — 
provided men find a way of overcoming the threat of 
destruction involved in the atomic bomb, the work that 
led to it will probably prove to be the first step in a technical 
revolution that could raise living standards far above any- 
thing that has yet been thought possible and could finally 
abolish all poverty and want. 

The development of atomic energy provides an excellent 
iUusttadon of {a trend that has been growing strongly in 
recent It w'as thfc product of fifty years scientific 
reseaa^ of whliii was done without any reference to 
)>01fe»lions, fisUowed by five years of 
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applied science and engincetmg directed to the solution of a 
particular practical problem. It is more and mote becoming 
true that the best way to produce technical advances of 
great benefit to humanity is not to devote the largest possible 
amount of scientific research to the immediate practical 
ptoblems, but rather to ensure that a large amount of 
fundamental scientific research is undertaken and that full 
use IS made of its results by applied scientists and industrial- 
ists. Quite apart from other reasons (such as cultural ones) 
for doing fundamental scientific research, it is now the case 
that the community as a whole is likely to benefit mote from 
It than from most other human activities (with certain 
obvious provisos, which the alternatives presented by the 
atomic bomb well illustrate). 

Some other wartime inventions, though probably less 
significant from a long term pomt of view than the release 
of atomic energy, are hkely to yield beneficial results much 
sooner. The most important of these were in the air — ^the 
jet-propelled plane, practical helicopters, and, in its own 
way, the flying bomb — ^to say nothmg of the amazing 
increases m speed, effiaency, altitude and so on, that took 
place in the conventional aeroplane. Proposals for the 
jet-propulsion of aircraft go back to 1920 and earlier. During 
the thirties several workers in various countries tackled the 
problem. In Britain, Whittle began his work about 1929. 
By 1937 engines of his design were run successfully on the 
test-hed. He received httle support, however, and it was not 
till 1939 that orders were placed for trial planes for develop- 
ment work. Thereafter progress was rapid. In 1941 full-scale 
trials were successful (Figure 45) and by early 1942 the first 
planes for use were coming off the production line. There is 
little information on other systems. A plane on the Italian 
Campini system was tried in 1940, flying for ten minutes, 
and again ki 1941, but was apparently not outstandingly 
successful. By 1944 the Germans as well as the Allies were 
using jet-propelled planes. 
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Helicopteis, as we noted in the last chapter, had reached 
limited success hy about 1937. They were still far from 
suitable for general use, and once more it was during the 
war that the practical machine arrived — ^in the form of the 
Sikorsky helicopter (Figure 46), which is now in regular 
commercial production, A typical early model of this 
machine is capable of absolutely vertical take-off and l andin gs 
requiring only a platform 40 feet square; it can hover 
perfectly stationary in the air or fly forward, backward or 
sideways, at speeds sometliing like a really fast sports car. 
Its fuel consumption is very moderate. It played an important 
part in defeating the submarine menace and promises to be 
equally important in post-war transport — ^America’s leading 
bus company has applied for permission to start a service of 
helicopter buses, and it has also been proposed to use it for 
mail services. 

Much more problematical is the value of the elements 
involved in the German terror weapon, the flying bomb, 
which was evolved in principle just before the war, but, in 
view of technical difficulties, not brought to a practical state 
till 1943. The flying bomb itself has, of course, no permanent 
value for mankind, but the principles involved in it require 
consideration. The controlling devices ate not particularly 
new, being paralleled by the automatic pilots of pre-war 
times. But the engine, an intermittent jet-propulsion unit, 
is extremely original. It is amazingly simple, being little 
more than a few feet of piping. It has no moving parts, 
except simple valves for admitting the air and fuel, and these 
are automatically closed by the pressure of each explosion 
and opened as the pressure decreases, so that they are not 
connected to any other part. In fact it is a petrol engine of 
construction about as simple as a water-wheel! The result is 
an engine, ffur cheaper to produce than any other, weighing 
about a quarteje as much as a reciprocating intetnal comhus- 
4 oti| engioe of the same power, On the other hand its fuel 
ia aboiU: eight times as great as that of the 
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conventional engine. It is difficult to say if this can be 
reduced enough to make the engine serviceable for peaceful 
purposes. 

Not strictly ‘in the air’, but closely connected with it, is 
radio-location or radar, the use of radio to detect and 
accurately fix the position of invisrble aircraft and other 
objects. Like the other developments mentioned above, 
work on radio-location began well before the war (about 
:955, though the transition from earlier techniques for 
measuring the height of the Heaviside layer and the altitude 
of aircraft is not clearly marked) and it had probably advanced 
much more than the others before the outbreak of war. In 
Great Britain its earlier forms were by then ready for im- 
mediate practical application. By contrast. Dr. Lyman 
Chalkley, chief economic analyst to the "U.S. Government’s 
Board of Economic Warfare, has alleged that radio-location 
was not adequately developed before the war in the U.S. A. 
because it did not appear to have any profitable peacetime 
uses. On the outbreak of war, he said, America ‘had to 
start practically from scratch, meanwhile losing ships and 
planes and men, because the profit motive had not guided 
up to the development of radar from a state of laboratory 
curiosity to the manufacture of practical instruments’. 

During the war the technique of radar was carried to 
new heights. The refinement that goes by the name of 
‘ccntimetric radar’ was the result of brilliant research and 
(like all radar advances) of fine team-work. It increased the 
accuracy of the primary appheation of radar to the detection 
of aircraft, and widened greatly the range of circumstances 
in which it was applicable. But it did far more than that in 
making practicable the appheation of the radar technique to 
a wide variety of purposes. Radar moved on from the status 
of a particular method of solving a particular problem, to the 
far lUgher smtus of a technique of very wide applicability and 
very great potential importance. For example, the safety of 
aircraft will be very materially improved by the application, 
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of radar to blind landing systems and to such devices as 
‘HaS’ (or its improved version, ‘HaX’), which provides 
the pilot, even when flying through fog or cloud, with a 
picture of the country over which he is passing. Similarly 
the safety of ships will be greatly improved by the corres- 
ponding device which, though it operates from the ship 
itself, gives the navigator in all weathers a map of his 
surroundings, just as if he were looking down on them from 
an aeroplane (Figure 47). Clearly radar in its many forms 
has before it a great future of usefulness — Sir Robert 
Walson-Watt, who did more, perhaps, than anyone else to 
bring it into being, has even suggested that it might solve 
the problem of tunning trains to time in fogl 

As well as these major inventions, the war saw many 
other examples of mechanical ingenuity — as in PLUTO 
(‘pipe line under the ocean’) or the Mulberry harbour. 
Many of these will have no direct peacetime applications, 
but doubtless the engineering experience that was gained 
in executing them will be of great value in the reconstruction 
period. 

If the war years had produced no more than the initial 
steps towards the constructive use of atomic energy and the 
bringing into practical use of the four inventions of jet- 
propulsion, helicopters, radio-location and the more doubt- 
ful flying-bomb engine, they would still rank as one of the 
periods — ^perhaps the period — of most rapid mechanical 
progress in world history. There may be further important 
advances, still secret at the time of writing. And in addition 
there must be numerous problems on which important 
advances have been made during the war and which, given 
the right conditions, can be folly solved in the first few years 
of peace. 

Of course, each one of die outstanding wartime inven- 
tion that tve krtow about depended to a considerable extent 
)pl)a carried out before the war. J>Ievertheless, while 
tftedit for pre-war work, we must note that the 
17a 



THE SECOND WORLD WAR 
wat years have been remarkable for bringing to perfection 
and putting into practical use a considerably greater number 
of outstanding inventions than any comparable period in 
the previous fifty years. This would seem to be more than a 
coincidence. It appears that in pre-war years, though inven- 
tive ability was there, various factors prevented the inventor 
from receiving sufficient encouragement. The two-year gap 
between successful Whittle ^gines and the orders for trial 
planes indicates this, as do Pr. Chalkley’s remarks quoted 
above. The same idea is expressed by G. G. Smith; in dis- 
cussing, before the announcement of Whittle’s success, the 
prospects for successful jet-propulsion, he wrote: ‘Under 
the stress of war conditions, funds are available for research 
and experiments, the best equipped brains can be apphed to 
problems and vested intcreste are not allowed to impede 
developments’.’^ The statement by Sir John Anderson which 
was quoted earlier points toward the same sort of conclu- 
sion. We postpone till the next chapter consideration of 
just how invention can be restrained by social factors. Here 
we are merely concerned to note how the needs of war 
removed the restraints and in two or three years brought to 
a successful culmination inventions that at peacetime rates 
might not have seen practical development for several 
years. 

Less spectacular, but probably equally significant, were 
the advances that were made in production methods. 
Between 1939 and 1943 total production in Britain increased 
by over 40 per cent, compared with only 13 per cent in the 
twenty-five years 1913-38. A short calculation from these 
figures shows that the average annual rate of increase in 
production in the war was some seventeen times as much as 
the average over the previous twenty-five years. All this was 
in spite of the difficulties of importing essential machinery 
and materials in wartime, in spite of the effects of bombing, 

’ 17 /^/, p October 1941; reprinted in hia Gas Tterlmes and Jet Propdsim 
for Airavff (3rd edition, London, 1944), p. 40. 
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the Strain on transport and the four-and-a-half nulhon mpn 
in the Forces. 

Only one-twelfth of the increase came from longer work- 
ing hours. The rest arose from the better organization of 
industry under Government control, from full employment, 
the recruiting of new workers to industry, and from in- 
creased efficiency arismg from the more widespread adoption 
of modern machines and up-to-date methods. The rise in 
the technical level of industry was shown by the increase in 
labour productivity (output per man-hour), estimated at some 
1 5 per cent (more than twice as fast as in peacetime) over all 
industries and some 30-35 per cent in the munitions industries. 

Most of the improved efficiency in engineering arose 
from the spreading throughout the industry of the modern 
machines and techniques that had been developed during 
the past decade or so, but had not previously been widely 
applied. Tungsten carbide tools, whose use before the war 
had been restricted (as we have seen) by the policy of 
international cartels, came into very general use. The 
machine-tool industry played a valiant part in providing, on 
an enormously increased scale, the various types of highly 
productive machines for which demands arose, and es- 
pecially the more robust and rigid machines required for 
using carbide tools. Machine tools, formerly mostly ‘buHt’ 
as individual units, now came to be largely mass-produced. 
Some U.S.A. figures are available. In pre-war times Ameri- 
can sales of machine tools reached a peak of about $zoo 
miUiott in four separate years — 1918, 1929, 1937, 1939. In 
194a the sales were $1,300 million and the average for the 
years 1940-43 was over $900 million, or four-and-a-half 
times the pre-war peak. At the end of 1939 the U.S.A, had 
i,joo million dollars’ worth of machines less than fourteen 
yesars old; by the end of 1943 she had 4,300 million dollars’ 
wptth. Ap^ from their role in winning th(}, war, the 
€tf this Dtodetniaation on post-war standards of living 
nevhliuionary. 
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Much of the increased productivity arose from the wider 
application of mass-production methods and from a mul- 
titude of refinements and improvements in these methods. 
Among the latter is the outstanding innovation of ‘quality 
control’. The essence of interchangeable production is 
that the measurements of each piece must be identical 
within certain permitted limits of error, called ‘tolerances’. 
Due to wear of tools and other factors, a machine which is 
set to produce the pieces accurately will gradually lose its 
accuracy until eventually the eirors will exceed the 
tolerances. Any such pieces will then have to be rejected as 
‘scrap’. The old method was simply to inspect occasional 
samples and when these were found to be outside the 
required limits, the machine would be adjusted. But mean- 
while many pieces would have been produced with too 
great errors and these would all be wasted. Quality control 
uses the science of statistics to avoid this. From the permitted 
tolerances a new set of inner limits are calculated; when the 
errors on more than a certain number of samples exceed 
these, the pieces are stiU sufficiently good for use, but it is a 
warning to the inspector that the machine is liable soon to 
become so inaccurate as to produce scrap. It is therefore 
stopped and adjusted immedktely and wastage of time and 
material is avoided. The statistical principles on which 
quality control is based have been known for many years 
and in limited fields the method has been used for a couple 
of decades, but it was only during the war that quality 
control has been widely applied and the full possibilities of 
the method have been developed. The effects of this and 
other improvements in production methods are shown by 
the case of the Sten gun, which was made so dieap as to be 
classed as a ‘consumable store’ to be thrown away when 
no longer serviceable. Its cost was reduced to about thirty 
shillings, ^s against about as many pounds for a similar 
article before the war. 

Mass-production methods were also applied to work of 
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an entirely new order of size — ^for example, in the U.S.A. to 
the piefabrication in factories of complete parts of a ship, 
ready for rapid assembly on the shps. A smgle American 
factory in 1943 was producing parts enabling a shipyard 
to launch two io,ooo-ton ships a week. By these and similar 
methods the U.S.A. was able to reach the amazmg produc- 
tion of 3,876 merchant vessels in three years — an average of 
25 a week. 

Equally far-reaching changes took place in agriculture. 
Agriculture in Britain became one of the pivots of the war 
effort. By means of guaranteed prices and other aids, the 
Government encouraged farmers to aim for m axim um out- 
put — ^which required, among other things, greater mech- 
anization. The number of tractors in use more than trebled 
from 55,000 in 1939 to 175,000 in 1944; the number of trac- 
tor implements rose from 200,000 in 1939 to 1,175,000 in 
1943; and the number of combine harvesters from 150 to 
1,500. On the basis of the number of machines to a given 
area, Britain’s agriculture became the most highly mechan- 
ized in Europe. The previous tendency to use machinery to 
less than its full capacity was partly overcome by pooling 
schemes. 

In war conditions sugar-beet and (because of their high 
energy content) potatoes became especially important. 
Much attention was given to the improvement of machines 
for dealing with them. About 1943 the latest beet-harvesters, 
which lifted the beet, topped it and deposited it in piles at 
intervals, were said to be completely effective in most 
circumstances. Potato-planters and lifters (Figure 48) were 
also improved. Advanced types of planters in 1943 saved 
80 pet cent of the labour involved. Lifters which dug 
the potatoes, picked them up, sorted and loaded them were 
brought to success, though not used on a wide scale. 
Anolhfir taamj^le of wartime inventions was a ijuachine for 
ttjp sheaves of com, catrying them to and loading 
Ijo the 3 ta<k* The result of this medhanization, 
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with Other improvements, was a 70 per cent increase in 
Britain’s agricultuial production between 1959 and 1943. 
Britain’s agriculture supplied two-llurds of her food require- 
ments in 1943 against one-third before the war. 

There were unfortunately some industries in which these 
amazing increases in efficiency did not take place in Britain. 
The most notable was coal-mining. Coal, always the hfe- 
blood of industry, became even more important in war. 
Every aspect of production depended on it. Yet, instead of 
increasing to satisfy the increased calls for fuel, the produc- 
tion of coal actually decreased — ^from 231 milhon tons m 
1939 to 193 million in 1944. The factors operating to reduce 
ouQjut included some that were unavoidable, such as loss of 
man-power in the call-up and the increasing age of those 
that were left. But these factors were common to many 
industries and their effect would have been corrected, as 
elsewhere, by increased use of machinery. Yet the mine- 
owners held to the policy of pre-war years. There were 
only 40 more coal-cutters in use in 1943 than in 1939, 
though the number increased by another 424 in 1944, and 
the quantity of coal cut by machine actually decreased from 
142 million tons in 1939 to 132 million tons in 1944. Simi- 
larly, although the number of face and gate conveyors rose 
from 8,271 in 1939 to 9,492 in 1944, the use of them was 
such that the amount of coal conveyed fell from 134 million 
tonsin i939to 127 milUon tons in 1944 (after reaching a peak 
of 137 million tons in 1940). Power loaders might have 
helped greatly to solve the man-power problem; yet only 
192 of them were in use in 1944. American experts,visiting 
the mines, found over a million pounds’ worth of machinery 
lying idle and estimated that ite use would have increased 
the output by twelve or fift^n million tons a year. As a 
result of this policy, the supply of coal fell well below 
Britain’s needs. In their homes the people suffered from the 
shortage. Factory supplies had to be lationed aqd m 
production was held h4ck and the war pr0Ulh|siy{|^ 
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We have much less information on the progress of 
machinery in the Soviet Umon during the war than for Britain 
and the U.S.A. We have no information at all on impor- 
tant new inventions, if any, made there during those years. 
Even production statistics are vague (probably intentionally 
to mislead the enemy) and those given below will probably 
need revision. Nevertheless, they give an impression of 
vast expansion. Pig-iron production mcreased 20 per cent 
between mid-1942 and mid-1943 and another 34 pet cent 
between then and mid- 1944. On the other hand, of course, 
the destruction of plant by the Germans greatly reduced 
Russia’s productive capaaty. (If these increases had taken 
place over the whole of the pre-war plant then taking into 
account also the 52 pet cent increase between 1937 and 
1942, the U.S.S.R. would akeady have overtaken Britain 
and France in per capita production of iron and be well 
on the way to overhauling Germany and the U.S.A. The 
calculation is a hypothetical one, but it does indicate the 
speed of expansion in that part of the industry which escaped 
destruedon by the enemy.) Similar increases ate shown in 
other aspects of basic production — coal production in- 
creased 32 per cent between July 1943 and July 1944, and 
so on. 

Industry was apparently expanding even more rapidly 
than before the war in those parts of the Soviet Union which 
were not overrun by the Nazis. Electrification gives some 
idea of the eiqjansion. The output of steam-driven power 
stations in 1943 was 20 per cent mote than the total for 
1940 and 1941. New plant was being rapidly built. The total 
capacity of new plant installed in 1944 was reckoned at 
nearly 3 million kW., which is almost as muda as the new 
installatiom in Britain in the first ten years of the Grid. But, 
of course, much of the Soviet generating plant was des- 
troyed by the Fascists and it will be no smil tasjs to replace 

t “Yet in ^ite of this, Soukt War News was able to announce 
ihe eSd>>ri944, ‘Thete is every reason to eiqpect that in 
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1545 the Soviet power stations will exceed their pre-war 
capacity’. 

These figures give us little idea of how the iffchtvy of 
Soviet industry increased during the war. We learn a little 
more from figures on labour productivity, which for in- 
dustry as a whole increased by about 40 per cent between 

1942 and 1944 and, for example, in coal-mining by 32 
per cent between 1943 and 1944. Such increases as these 
could not be obtained merely by working harder, though 
that must play a part. They must indicate at least a multitude 
of small inventions and improvements contributing to 
efficient working, and possibly some major steps forward. 
We hear something of the former (though without details) 
in the form of reports of the vast numbers of inventions and 
suggestions coming from the workers themselves, reports 
like this: *A two months’ “lationalization suggestions” 
campaign, which has just ended [in November 1944] in the 
fectories of the Commissariat of Light Industry, has resulted 
in the submission by the workers of over 3,000 inventions 
and proposals for improvements . . . the 810 suggestions 
already put into effect in the factories will economize 
materials, power and labour to the value of 60,000,000 
roubles a year. ’ 

And yet, though figures like those given arc some help, a 
far more vivid indication of the expansion and increasing 
efficiency of Soviet industry is provided by the successes of 
the Red Army. No army could have withstood the long 
retreats of 1941 and 1942 and then advanced so rapidly in 

1943 and 1944, no army could have produced such concen- 
trations of fire power — ^in some cases one artillery piece per 
yard over htmdteds of miles of front — ^unless it were backed, 
not only by a civil population determined to win no matter 
what the sacrifice, but also by an industry of tremendous 
efficiency. * 
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CHAPTER XI 


RETROSPECT AND SUMMARY 

It is a long road that we have travelled since the discoveiy 
of agriculture initiated the great changes this book has 
discussed. It is well to contrast the mechanical equipment of 
men today with what their ancestors possessed just before 
the dawn of civilization — to contrast the crude flint sickle 
of Figure i with the powerful and accurate combine 
harvester of Figure 35; or the early sailing ship and wheeled 
cart with the railway train, car, steamer, aeroplane — and 
even helicopter — that give us transport today. 

Consider the contrast in the power available to do man’s 
work. Apart from sailtng ships and a very imperfect har- 
nessing of animals, till two thousand years ago man’s own 
muscles provided the only source of power. Athens became 
a very rich city because on an average each freeman had the 
muscles of half a slave to work for him. But in 193 j the 
i,Z3 1 million h.p. of engines of all types in the U.S.A. were 
equivalent to some seusnfy slaves available to work for every 
xran, woman and child in the country. Britain was a little 
less well off with the power equivalent of about fifty slaves 
per head. Since then the number of these power ‘slaves’ 
has been steadily increasing. Britain’s production of aero- 
plane engines alone from 1939 to 1944 provided some thirty 
furdiet ‘slaves’ per head — not in the most useful form for 
peacetime work, it is true, but the equivalent could be 
achieved in five years of peace. And the release of nuclear 
energy foreshadows yet further increases in our power 
resources. 

Even these figures of the brute force available to work 
for us understate the case'. Our machines work &t more 
qtiickly ,#*»4 ^cutately than ihe old-world slaves with thek 
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crude equipment. One girl with a modern spinning marViinp. 
produces as much cotton as 300 spinsters using the seven- 
teenth-century spinning wheel, and probably as much as 
many thousands of spinsters using the simple spindle that 
remained in use till the late Middle Ages, One man with a 
threshing machine replaces 135 men with hinged flails (and 
the latter is a comparatively advanced threshing tool). In 
1830 it took 57-7 man-hours to produce a bushel of wheat, 
using a sickle and flail; in 1896 with a binder and stationary 
thresher it took 8-8 man-houis; and in 1930 with a combine 
harvester only 3 *3. One man with a tractor ploughs as much 
ground as fifty men and a hundred oxen using the improved 
ploughs of the eighteenth century. A modern paper-making 
ma chin e turns out 10,000 square feet for the same labour as 
one square foot with the handicraft methods of the Jate 
eighteenth century. Of course, in each case we must add a 
proportion of the man-hours required to make the mac hin e 
but even when this is done the gain in productivity remains 
immense. 

If the neolithic barbarian with his limited equipment 
could exist, even with what would now be thought a terribly 
high death-rate, if the people of the seventeenth century 
could live and a fairish number of them could enjoy a 
moderate, though by no means excessive, comfort, then 
surely we today with our technical equipment advanced far 
beyond theirs can ensure at the very least a decent standard 
of living for all. The progress of the last eight thousand 
years has given us the means to provide plenty for all. It lias 
been reckoned thatif theequipmentof theU.S.A.were everj'- 
where brought up to the highest technical standards avail- 
able in the inter-war years, tiien the pre-war production of 
the States could be doubled and simultaneously working 
hours reduced to one-third of their present level, or alter- 
natively wifh the present working day production could be 
multiplied six-fold, providing sue times the present supply 
of commodities to raise the standard of liv&gi^isjust what 
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plan, should be followed depends simply on the decision of 
the people as to whether more goods or more leisure is 
primarily desirable. Every other country could reach the 
same standard. It would take some time to do so, of course. 
But, as wc have already emphasized, the only limiting factor, 
other than those which are self-imposed, is the supply of 
man-power available to modernize equipment. All that is 
required is social organization to ensure that, instead of mnij s 
unemployment, every available worker is used to raise the 
technical level and therefore indirectly, the standard of 
living. The time taken would vary from country to country. 
In countries like Britain and U.S.A. where technical levels 
are already high and where, unfortunately, there were 
large numbers of unemployed left unused in the inter-war 
years, the process could be very rapid. In backward coun- 
tries like India a longer period would be needed. All this 
leaves out of account the tremendous advances in produc- 
tive efficiency during the war years, advances which, if 
properly used after the war, would have already taken us 
well on the way to a world of plenty. And it also neglects 
the tremendous impetus that would be given to new inven- 
tion, leading to yet higher productivity, if the raising of the 
standard of living were made the first object of our social 
effort. On the adverse side, there is the terrible destmetion 
of mechanical equipment and other plant during the war, 
which has to be made up. 

Let us look back along the road from early neolithic 
times to the present day and try to see in broad perspective 
how the advances have been achieved. One way of doing this 
is to compile a sort of score sheet of the fundamental 
technical methods, the fundamental tools and machines 
available to mankind at each stage. The details of such a 
score sheet arc set out in the Appendix, Here we need only 
say that it is arranged in such a way ihat the totaliscore up to 
any partfoulatr date represents approximately the number of 
djfferent,J^<£krhental tools and machines at mankind’s 
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disposal and their importance. The progressive increase 
in this score is shown in Figure 50, where the dates are 
marked along the bottom and the height of the curve at each 
date represents the total score for fundamental inventions 
made up to that date; in other words, it represents the 
mechanical equipment available to men at that date. It can- 
not give an exact picture of progress, since the methods 
used are subject to several kinds of error (3),^ but it will give 
a reasonable idea of the general pattern of progress, The slope 
of this curve at any point will then represent the rate at 
which invention is going on at that time. One of the first 
things we note about the diagram is that in general the higher 
the curve is at a given point, the faster it rises there. There 
are exceptions of course — ^between 3000 and 1000 b.c. the 
rate of growth is much less than before 5000 b.c. — but we 
have seen that such periods of slowing down of progress 
were due to the action of artificial forces like tlie structure 
of a particular society. So it is reasonable to assume that the 
natural way of growth, when such factors are eliminated, is 
that the rate of invention increases with the resources of the 
time, that is, with the score of inventions previously made. 
We might expect this to be so because every invention when 
established makes easier the achievement of another — 
Darby’s invention of coke smelting, leading to plentiful 
cast iron, provided the essential material for many nine- 
teenth-century inventions; every improvement in transport 
made possible the use of more highly centralized plant and 
so of more productive machines — and because, in more 
general terms, every invention, by increasing the rate of 
production, increased the amount of socially available time 
which need not be spent on the actual production of 
necessities and which could (if social organization permitted 
it) be devoted by some specialists to the task of further 
invention. « 

*'Kefermce» ia this form are to the cottesponcllngly uunj^ed secttoits of 
the Appendix. 
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Now growth of this type is familiar in many branches of 
science — a colony of microbes grows like this when lack of 
food or external causes are not restricting it — and methods 
of analysing it have been worked out. When they are applied 
to the present case they give the results shown in Figure 5 1. 
In tliis graph (4) the height of the curve at any point repre- 
sents the rate of increase of the score of inventions relative 
to the score at the time, that is the rate of technical progress 
relative to the technical level already reached. More precisely, 
the height of the curve represents the percentage increase in 
the technical level that on the average occurred in one year 
at the time concerned. We can call this the ^relative invention 
rate\ If the rate of invention always followed the law of 
growth mendoned in the last paragraph — the higher the 
technical level, the faster its advance — ^then the relative 
invention rate would be constant and the graph of Figure 5 1 
•would be a horizontal straight line (5). The variations in the 
height of the actual curve can therefore be taken as an 
indication of the variations in technical progressiveness 
from time to time. The higher the curve, the more progres- 
sive the period. 

The variations in this curve reflect in a very interesting 
way the trends that we have discussed in earlier chapters. 
We note first the long period of rapid progress of the two 
or three millennia before 3000 b.g., which we discussed in 
Chapters I and II and which, it will be recalled, so affected 
man’s way of life as to bring about the change from bar- 
barism to civilization and witii it the social revolution from 
a (more or less) equalitarian society to one with very sharp 
and very great class-divisions. The sharp dip in the curve at 
B shows how these class-divisions, when they eventually 
hardened into something like a caste system, reacted on 
invention, bringing about an almost cpmplete cessation of 
progress. '[[Jhe next three or four thousand years, as the 
curve shows, saw no progress comparable to that before 
5000 B.C. — only occasional short periods of rathmUftss rapid 
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advance. Indeed invention of fnndamental importance -was 
completely absent for nearly a thousand years, and the curve 
does not begin to rise again significantly till at C, where the 
beginning of the Iron Age overlaps with the slight revival of 
inventiveness of the later Bronae Age which we noted at the 
end of Chapter IL lion made metals much moie generally 
available and provided the conditions for the use of such 
machmery as a pulley and the rotary quern. And so to a 
peak at D in the great days of the Athenian culture. But here 
the contradictions arising from the division of the Greek 
world into tiny and usually warring city states and especially 
the troubles arising from the enormous growth of industrial 
slavery asserted themselves and the curve shows a sharp 
dechne at E(6). Then the Alexandiian conquest and the 
subsequent immense Plellenistic expansion partially elimina- 
ted these contradictions and provided the conditions for 
nearly three centuries of the most rapid progtess (shown at 
F) the world had seen since 3000 b.c. Once more the con- 
tradictions involved in the Iron Age slave states asserted 
themselves, and under the Roman Empire at G progress 
of importance again ceased entirely. Then came the decay of 
the Roman Empire and the barbarian invasions, bringing on 
the one hand an acute shortage of labour (since the mechan- 
ism of slave-supply failed) and therefore an incentive to use 
machines, and on the other a social structure which gave 
the craftsman a more favourable position than at most times 
since 3000 B.c. There followed first a period in which 
machines like the water-wheel were spread over Europe and 
used on a greatly increased scale. Naturally this is not r^ccted 
in a curve concerned with inventions, but shortly before 
the millennium this spreading of old techniques changed into 
the invention of new teefa^ques, and at H the relative 
invention rate begins to rise rapidly. And now at I the 
curve rises higher than at A. At lastv after 4,oqp years the 
rate of progress h^s exceeded that of (he societies Just before 
dvilizaijpiSK Sut all is not yet plain sailing. Ihe curve 
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hesitates at I and drops back to J(7). And then about 1700, 
at K, the curve turns sharply upwards, so steeply as to be 
nearly indistinguishable from the vertical. The modern era 
of rapid progress has begun. The curve shoots off the page 
and by the end of the nineteenth century reaches a height 
corresponding to three-and-a-half times the height of 
Figure 51. 

The temporary downward turn of the curve between I 
and K is interesting. We are prompted to ask what forces 
prevented the rate of progress from increasing continually 
from say a.d. 900, why the increase should have been in- 
terrupted between 1300 and 1700. The elements of the 
answer have already been given at the end of Chapter V and 
the beginning of Chapter VI. The new machinery brought 
into use by the inventions of the Middle Ages could only be 
fully used by a new structure of industry: capitalist industry. 
The political and social system of feudalism prevented the 
full development of capitalism. In doing so it prevented the 
fullest use of the new machinery. But more than that, since 
the then new methods could not be used to the full, there 
was less opportunity for the use of further inventions and 
less incentive for the inventor. Thus the feudal structure of 
society, by preventing industrial organization from keeping 
pace with technical development, was responsible for holding 
back the rate of invention. Nevertheless, invention went on. 
The adverse factors did not kill it. The curve does not 
continue to rise at I, but at least even in decline it remains 
well above zero. Invention still went on, only partly in- 
hibited by adverse social circumstances, and at the same 
time the new technical methods were being more and more 
widely used and with them the capitalist industrial structure 
continually expanded — till at last, in England first, later 
elsewhere, the ‘bourgeois revolution’ (see Chapter VI) 
burst the restricting bonds of feudalism. And^when the 
restrictions were removed, the invention rate shot up to 
completc^jwws^ levels (after K in the Figure 51), 
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This example shows clearly two of the relations between 
technical invention and social structure.^ First it shows how 
social structure affects the rate of invention. After the stag- 
nation of the Roman Empire, feudalism gave a new impetus 
to technical progress and the invention rate rose rapidly 
until about a.d. 1300. Then the feudal structure, no longer 
suitable for using the new techniques it had produced, slowed 
down the rate of invention until a new social structure — 
capitalism — appeared, giving full encouragement to tech- 
nical progress, and therewith the invention rate rose sky 
high. We have seen other examples of this. The reader can 
follow out similar effects; for example, between 1000 n.c. 
and the beginning of our own era he can see how the rise 
of industrial slavery affected the rate of technical progress. 
These examples lead us to the general conclusion that the 
form of society has a very great effect on the rate of inventions and 
that a form of society which in its young days entourages technical 
proff-ess can, as a result of the very inventions it engenders, even- 
tually come to retard further proves until a new social stmeture 
replaces it. 

The converse is also true. Technical progress affects the 
structure of society. It is not the only factor, but it is a very 
important and fundamental one. The leap from feudalism to 
capitalism resulted, as we have already seen, largely from 
medieval technical advances; it came when feudalism proved 
itself an inadequate vehicle for further progress. Similarly 
— an example which we considered in detail in Chapter II — 
the inventions of the millennia before 3000 b.c. created new 
conditions which necessitated the change-over &om a class- 
less society to one in which the main feature of social struc- 
ture was class-division. Thus we reach the conclusion 

^Stdctly ve should take into account not merely the tools and machines 
with whi^ we are concerned here, but also oil techniques — agricultural, 
chemical, ei^;, — but as these have on the whole advanced roughly patalldl to 
mechanics and as mechanical techniques have usually outweighed the others 
in importance tiU recently, we shall not go &t wrong in^^ideilng only the 
tdations of tools and machines with society, 
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complementary to our first one, that technical process — invention 
and the spread of the use of invention — is a fundamental factor 
in determining social structure and in bringing about the necessity 
for a change from one social structure to another. 

We have been considering some of the details of Figure j i. 
But, when we look at the curve in the large, one fact stands 
out as far more striking than any of these: that there have 
been two great periods of technical progress, the two or 
three thousand years before 3000 b.c. and the centuries since 
about A.D. 1100 (but particularly since 1700), and in between 
there was very little technical advance. Between these two 
there were only a few short periods of very moderate pro- 
gress. Because they are so outstanding, these two periods 
of rapid progress ate worthy of special names and they have 
been called the First and Second Industrial Revolutions 
respectively. Nothing in the technical sphere (and this is just 
as true of odier techniques as of tools and machines) that 
happened to mankind in between is in any way to be com- 
pared to what happened in these two industrial revolutions. 
Now we have already stressed several times the world- 
shaking effects of the first industrial revolution — the 
creation of civilkation, the creation of transport facilities 
which bound the former villages into larger and larger 
states and concurrendy enlarged the oudook of men, the 
transformation of classless into class society, the provision 
of an adequate amount of leisure for at least a small number 
of men, Ae leisure that was an important factor in the 
creation of the many forms of art and literature, of science 
and philosophy. The second industrial revolution has not 
yet lasted half as long as the first, but progress in it is far 
and away more rapid. Should we not expect it to produce 
changes just as great as those which the first produced? 
Until two or three centuries ago, those who said: ‘Thus it 
has been and thus it will remain. There is nothing^iew under 
the sun* were justified in their error; for indeed since 
3000 ■z.c.fiSiuiicfknls new had happened and archaeology had 
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not yet rediscovered the progress before that date. But 
today, living in the midst of this second colossal industrial 
revolution and knowing that its technical changes must 
produce effects just as great as those of the first, there is 
but httle excuse for those who deny that the life of manlcind 
can be fundamentally changed in all respects. That final 
upward sweep of Figure 50, showing the progress of the 
last 250 years in which the number of mechanical methods 
at man’s disposal has more than doubled, must surely bring 
vast changes in its train. Every aspect of out present Ufe 
must be regarded as transitory. Just as the first industrial 
revolution gave plenty and the leisure to enjoy it to a few 
men, so now the second can give plenty and the leisure to 
enjoy it to ail men. Just as the first transformed the isolated 
villages into great states, so the second has already made 
the world economically a single unit and calls upon mankind 
to transform the conflicting states into a single world unity. 
Just as the possibility of wealth for a few provided by the 
first industrial revolution brought about the creation of 
class-divisions, so also the possibility of plenty for all 
provided by the second gives the opportunity for their 
abolition and the creation in theit place of true ‘liberty, 
equality and fraternity’ at last. And what the ultimate effects 
of the second industrial revolution will be on the arts, on 
philosophy, on science, is beyond our present compre- 
hension. 

Beyond noting that it rises so fast that it cannot be 
included in Figure 5 1, we have said little of the behaviour 
of the curve representing the relative invention rate in the 
later stages of the second revolution. We can, however, 
learn something from it. Figure 52 shows how the curve 
behaves over the last hundred and fifty years (8). It has been 
drawn on a different scale, but the height of the curve 
reached the first industrial revolution has been marked 
in for comparison, The most striking thing about this 
diagram, if for the moment we agree to’SSs^eet the last 
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few years, is that the rate of invention rose to a peak in 
the nineties and after that declined quite rapidly (with a 
temporary slight recovery corresponding to the 1914-18 
War). In recent years the amount of detailed improvement 
has continually increased, but when we consider only in- 
ventions of fundamental importance (as our curve docs), 
we find that the invention rate increased until the nineties, 
then deefined, and in the 1930s reached a level well below 
the peak and about equal to the level reached a century 
and a half ago (9). We are not progressing as fast as we did 
fifty years ago. Others have also noted this fact (10). Because 
they have been concerned with invention in aU spheres 
instead of merely tools and machines and because the lists 
they used were shorter than outs and because they counted 
all inventions as equal instead of assigning them points in 
rough correspondence to their importance, they have 
placed the peak at different times; but they do agree that 
there has been a decline in recent times. 

So pronounced a decline requires an explanation. It can 
hardly be due to omissions made in compiling our list, 
since to raise the curve in the 1930s to the level of 1895 
(to say nothing of continuing the upward trend of the 
nineteenth century) would requite us to find between 1930 
and 1940 rather more than four further inventions of 
importance comparable to the steam-engine. We can hardly 
have omitted inventions to this extent. Is it because the 
actual possibilities of technical progress are coming to an 
end — ^as Furnas implies when he says, 'Almost everything 
has been discovered; not quite everything, for we are still 
dribbling along, but almost’? The Pharaohs of Egypt must 
have thought that the cessation of invention in their time 
was because everything had been discovered — ^but they 
were wrong. It is a big responsibility to prophesy that 
furtijet progress is impossible. There can be nst evidence 
to bade the p^hecy; even if we could not think of any 
further in^wstlS^ that are needed, we should do no more 
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than demonstrate our own limitations. And in point of 
fact it is not difficult to think of many inventions that will 
probably some day be made — a reliable continuously 
variable gear, a static-electrical high-tension generator 
suitable for general use, high-tension direct-current trans- 
mission, efficient methods of storing power, self-sharpening 
tools on machines, and so on. All these are being tried at 
present (our limited vision hardly allows us to go beyond 
that) and some day most of them will be successful. In 
addition, wc have the important fact (which we discuss 
later) that during the second World War the invention 
rate again began to rise rapidly. It seems, therefore, that 
there are still many inventions waiting to be made, but 
that some causes which we must find are slowing down the 
rate at which invendons are actually being made. 

Is it because the further invendons that remain to be made 
are far more difficult than before? It is hard to believe that 
some dme in the ninedes all the comparatively simple 
problems were exhausted and quite suddenly the difficulties 
of further advance increased, so that within fifty years the 
rate of invention fell by nearly fifty per cent. Instead, if 
this were the cause, we should expect the curve slowly to 
come to the horhontal and then just as slowly to decline. 
Of course, invention does become more difficult as progress 
continues (and we shall have more to say on this later). From 
the beginning of history the new inventions to be made 
became progressively more difficult — ^the water-wheel was 
mote difficult than the sail, the steam-engine than the 
water-wheel, the turbine than the reciprocating engine. 
But at the same time mankind’s resources have increased, 
techniques previously invented helped with each new step, 
the general advance of technique allowed a greater pro- 
portion of the time of the community to be devoted to 
solving the next problem. Thus, in spite of 4he ever-in- 
creasing difficulties of the tasks, the invention rate increased 
except \?he<^dal factors prevented it. It is unreasonable 
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to suggest that suddenly in the nineties difficulties out- 
stripped resoutces. 

Now we have already met some previous cases in which 
the invention rate declined after a period of comparatively 
rapid advance — after 3000 b.c., about ^00 b.c., in the 
Roman Empire, between a.d. 1300 and 1700. And in 
each one of these cases we found social causes: various 
trends arising from the social structure of the times, the 
way in which production and consumption were controlled, 
acted in such a way as to discourage further invention. 
This suggests that there may be social causes behind the 
decline of recent years. We can begin by noting what new 
social and economic phenomena have arisen in the last 
half century. We have already mentioned some of these in 
Chapters VII and IX — ^the permanent difficulty that manu- 
facturers found in seUing their products, chronic unem- 
ployment, and the formation of cartels and monopolies. 
We have already seen in Chapter IX occasional examples 
of the ways in which these things can retard progress. 
Chiefly they act by restricting production; but that means 
less incentive to install the latest types of machinery, and 
that in turn means less encouragement to invent new 
machinery. Sometimes they go further and actively dis- 
courage new invention. 

An outstanding (but by no means untypical) example of 
how the chronic difficulty of selling products discourages 
invention is provided by the case of the Rust brothers’ 
cotton-picker (see Chapter IX). This invention was not 
brought into general use (except in the U.S,S.R.) be- 
cause of a fear of what Technological Trends calls ‘over- 
production’, meaning, of course, the curious situation in 
which people who obviously need cotton goods are pre- 
vented by mal-distribution of purchasing power from 
buying them. It is not often that inventors foresee this 
difficiJty and deliberately restrict the use of their machines 
as the Rust brothers did. More usually it hap^as that the 
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producers fearing ‘over-production’ simply do not use the 
machine. 

The difficulty of selling products leads to huge and wasteful 
competitive advertising campaigns, to the employment of 
enormous sales staffs to search for customers. In a pre-war 
motor car costing ^600 there was about £90 worth of direct 
factory labour, whereas about went to the cost of selling 

the car. Now it quite clearly does not cost anything like that 
sum merely to convey the car to the consumer and provide 
a man who wiU hand it over in exchange for his money. 
The reasons for the disparity are clearly put by Norton 
Leonard^ when he says that the trouble ‘starts with the 
development of a machine or method which cuts to a 
fraction the cost of making some useful article. All the 
established manufacturers who can afford it buy the 
machine, increasing their potential output many times. To 
pay for their investment they all calculate that they will 
have to capture larger proportions of the available market. 
Therefore they advertise widely and expansively. They 
increase their sales forces, allow larger commission, resort 
to all the tricks known to commercialism. The price of the 
product may fall to some extent, but most of the advantages 
of the new method have been cancelled by the cost of 
selUng and the enforced idleness of the over-numerous 
ma chin es. In many cases today the retail price of an article 
produced chiefly by automatic machines is three or four 
times the cost of production.’ The community thus loses 
most of the potential value of the improved machinery. 
But mote than that, he continues, ‘One effect of this is to 
slow down the introduction of the newest and most efficient 
equipment. The manufacturers look ahead, see trouble 
approaching* and so they do not invest their money in 
machines which Vould certainly cut their legitimate pro- 
duction costs, bnt might not jdeld tangible profits.’ And 
if the best fedstlng mathinery is not being used, what 

nf (Lofldoh t9j j) pp. j j 5-6. 
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encouragement is there to invent yet better? All this is, of 
course, purely artificial. There is no lack of real market 
for the products, in the sense of people who need them. 
The difficulties arise from the distribution of purchasing 
power in such a way that those who need the goods cannot 
buy them. There may be disagreement as to hm these faults 
of distribution should be corrected, but it is clear that when 
they are corrected, not only will the people reap a fuller 
benefit from our advanced methods of production, but also 
the rate of invention will be enormously boosted. 

Unemployment is merely this same faulty distribution 
looked at from the other side. The goods are not sold, 
production is cut down and therefore men are thrown out 
of work. And unemployment was the other reason given 
for restricting the use of the Rust cotton-picker. It is again 
true that few inventors will act with such complete con- 
sciousness of the potential effects of their work, but in a 
less conscious way they will be deterred by the fact that 
their invention may increase unemployment. In attempts to 
employ some of the workless a retrogression to more 
primitive methods has sometimes occurred. W. I. Sirovich, 
speaking in tiae U.S. Congress, said: ‘One of the western 
states last year entered into a number of contracts for paving 
roads containing the specific stipulation that labor-saving 
madiinery should not be used, with the intention of in- 
creasing the number of jobs provided. I am not informed 
whether the men were required to dig up and remove the 
dirt with their hands, or whether they were allowed to do 
two or three times as much work with a shovel.’ ^ 

Unemployment retards technical progress in another way. 
The mass of men eager to find jobs depresses wage-rates, 
so that it is often cheaper to use primitive methods involving 
much hand-labour than to introduce automatic machinery. 
Men are rebiined, because they are cheap, on soul-destroying 

^Quoted by Bernhard J. Stem ia 'Prostration of Tech^jplogy’, Sdtm and 
p.if. 
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monotonous repetition work which could be done as well 
or better by automatic machinery. That is why, for example, 
the use of the photo-cell in production has not yet ap- 
proached its possibilities. 

The tendency to form cartels and monopolies also restricts 
production — ^indeed, one of the reasons for forming them 
is to maintain high prices by agreed restriction of output — 
and therefore holds back technical progress in the way we 
have been discussing. But monopoly often acts in a more 
direct way. This problem has much concerned the Govern- 
ment of the United States. Under the New Deal policy a 
number of Government committees have considered it and 
issued reports from which we quote below. One of them^ 
says: ‘ . opposition has always come from vested interests 
which could see their property and income menaced by 
new inventions. Railroads were opposed by the owners of 
turnpikes and stagecoach lines. The use of gas for lighting 
was opposed because it would destroy the whale-oil business. 
Later electric lighting was fought by the gas companies. 
The telephone came into existence over die bitter opposition 
of the telegraph companies. The radio telegraph was fought 
by the telegraph companies. The radio telephone was fought 
by the telephone, telegraph and radio telegraph interests. 
Although corporate organizations do develop and utilize 
many inventions, sometimes corporations will fight success- 
fully against the passage of laws requiring them to adopt 
modem improvements ... As Charles F. Kettering, vice- 
president of General Motors, said in an address in 1927; 
“Bankers regard research as most dangerous and a thing 
that makes banking hazardous due to the rapid changes it 
brings about in industry”. A banker who finances a new 
development that will destroy his present investments is 
asleep at the switch. Progress depends, therefore, to some 
extent on free resources of capital that cannot kifi controlled 
Comnihtee: Tiflmlogy tmd P/owt^CVC^asliiiigtou, 
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from any central point. With the tendency to centralization 
of control in business and banking the openings for free 
initiative are more and more restricted.’ 

Opposition of vested interests when a new invention 
threatened their income is, of course, not entirely a new 
phenomenon of the last fifty years. The opposition to the 
railways, discussed in Chapter VII and mentioned in this 
quotation, is an early example; similarly, the later opposition 
to mechanical road transport by the railways themselves. 
Even tliesc early cases occur mostly in industries like 
transport and communications which tend strongly to 
monopoly. But the growth of monopolies as a general 
feature of economic structure introduces new factors. In 
the early days of free competition it was comparatively easy 
to overcome the opposition. Backing could easily be 
obtained from some rival; one of the many competing 
producers would be willing to use the new technique. And 
so the opposition of vested interests seldom retarded pro- 
gress seriously. But a monopoly has power of a quite different 
order — a power well described by Henry A. Wallace, 
recently Vice-President of U.S.A., when he said in Septem- 
ber 1943: 'The peoples and the Governments of the world 
had unwittingly let the cartels and the monopohes form a 
super-government by means of which they could monopolise 
and divide whole fields of science and carve up the markets 
of the world. The people must get back their power to deal 
with this super-government. This super-government has 
misused the peoples of the United States, not only with 
regard to rubber [here he is referring to secret agreements 
between American monopolies and the German chemical 
combine LG. Farbenindustrie, which greatly restricted 
America’s pre-war development of synthetic rubber], but 
in a host of other critical industries as well. . . . These 
cliques have their own international government, by which 
they arrive at private quotas. Their emissaries are found in 
the Foreign Offices of many of the impotlwit nations of 
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the world. They create their own system of tariifs and 
determine who shall be given permission to produce, to 
buy and to sell. . . . This secret agreement [on synthetic 
rubber] between an American monopoly and a German 
cartel was subject to no public authority. It was far more 
important than most treaties, but it was never acted upon 
by the U.S, Senate.’ 

Such is the power of monopoly. It controls a whole 
industry. If it refuses to use an invention, there is no rival 
to whom the inventor can turn. The huge capital investment 
required for efficiency in modern industry prevents any 
new rival from entering the field in order to exploit a new 
method. Of course, a monopoly is seldom absolutely com- 
plete, but even so it has plenty of power and plenty of 
methods by which it can prevent technical innovation. 
The introduction of an invention will usually depend on the 
utilization at some stage of a technique already in use. The 
monopoly may have patent control of the latter and so 
prevent the introduction of the former. Another common 
method is by buying up the patents of the inventions, so 
that others cannot use them and then not using them 
themselves, The patent law of most countries in theory 
forbids this; in theory if a patent is not used anybody can 
bring a legal action and obtain permission to use it. In 
practice the costs of such action are so great that the 
monopoly can in fact suppress the use of a patent. For 
example, in 1934 the American Bell Telephone Company 
controlled 9,234 patents, of which they were using only 
4,225. In spite of arguments put up by the Company, the 
Federal Communications Commission investigating the 
situation concluded that 3,433 of the remainder, which 
might have been socially useful, were suppressed by the 
Cbhipaay to protect their ovm. interests against competitors. 

Somethnes the monopoly merely restricts the use of a 
.PW method, tts 'with tungsten carbide (see Chapter IX). 

its use at alL Tecbmh^al Trmds (one 
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of the New Deal publications) says (page 53): ‘Changes 
within the electric industry have been retarded by the 
buying and suppressing of patents by the large corporations 
which dominate the field. ... A superior electric lamp, 
which it is estimated wih save electric light users |io, 000,000 
a year, has been invented but has not been put on die 
market.’ Later in the same document (page 353), C. C. 
Furnas says: ‘The author knows of one metallurgist who 
made his own safety-razor blade, sharpened it, and nitrided 
it. It has been used daily, without re-sharpening, for 2 
years. Naturally the razor-blade manufacturers ate not 
interested.’ In Great Britain concrete examples are difficult 
to come by, partly because there have been no Government 
inquiries, partly because the libel law endangers anybody 
who publishes a specific instance. British companies have 
several times been mentioned in connection with charges 
of entering into restrictive international agreements brought 
against various American corporations by the U.S. Govern- 
ment. The accusations have naturally been denied in Britain, 
but there has been no opportunity to decide the matter, 
judicially or otherwise. While proven cases are lacking, 
general statements have been made by many authorities 
who are in a position to know the truth; for example, by 
Sir Alexander Gibb in his presidential address to the 
Engineering Section of the British Association in 1937: 
‘Of course, here, as always in research, it is the case that 
the greater the success of research, the more immediate 
and drastic the effect on existing plant and equipment. 
That is where the rub Sometimes lies . . . and many valuable 
inventions have been bought up by vested interests and 
suppressed. ... It is therefore not surprising that there is 
not always an enthusiasm for unrestricted research.’’- A 
specific example is provided by the railways, whose mono- 
poly positi<jpi is so strong that they do not even need to 
buy patents, but merely to rduse to use ^new method. 

^'RMptrf<)ftbe Britisb Amtkilon, September, I9‘37 >p15!'i38'9‘ 
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The British Government appointed a committee to consider 
railway electrification. Its findings were summarized by 
Mr. S. B. Donkin, President of the Institution of Qvil 
Engineers: ‘The finding of the Weir Committee, published 
in 1931, was unanimous in favour of complete main line 
electrification. The Committee emphasized that comparison 
between such electrification and either suburban electrifi- 
cation already in operation in this country or main linp 
electrification undertaken in many countries abroad, would 
be misleading. Nevertheless the Committee found that under 
the conditions of railway working in Great Britain, electrifi- 
cation would reduce the cost of operating the railway 
system, and, therefore increase the efficiency of utilization 
of the coal resources of the country; it would reduce the 
average schedule running time of mam line trains; by in- 
creasing the bulk use of electricity it would have a most 
favourable effect on the cost of electricity for other pur- 
poses; and finally, the cleanliness of an electrified system 
would have an ^ect on the health and well-being of the 
urban population which could not be assessed in terms of 
money alone. ... It is unfortunate that up to the present 
the recommendation of the Committee in favour of com- 
plete main line electrification has not been accepted.’’- 
In this coimection the inevitable increase in difficulty of 
further progress has some importance. We have seen that 
resources also grow, giving us the means of overcoming 
the increasing difficulties. But for success these resources 
have to be concentrated. Modern industrial research re- 
quires large staffs -working co-operatively, great laboratories 
and expensive equipment We have the means to provide 
these, but at present the only organizations that can afford 
such staffs and equipment are the great industrial mono- 
polies (unless, of course, the state takes over the responsi- 
bility). So we are at present in the positioa where the 
luimaHonal B/fgffiteritis Cenffvst, Ghsgmi, 1938, pp. 
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monopolies control a large part of the resources required 
for research leading to further technical advance, but at the 
same time the monopolies have interests which tend to 
reduce their enthusiasm for invention, especially for 
fundamental inventions which revolutionize the methods 
of industry. As the American Government document. 
Economic and Political Aspects of International Cartels ^ referred 
to above, puts it (p. 3 2): ‘Desiring to limit expansion of output 
and avoid the development of uncontrolled substitute pro- 
cesses, cartels are necessarily suspicious of new technological 
developments. They readily undertake research to discover 
new uses for their old products but often discourage the 
development of new processes or new products.’ This 
explains the fact, noted above, that the number of detailed 
improvements has increased rapidly in modern times, while 
the number of fundamental inventions has been on the 
decUne. In a word, the greatest opportunities for invention 
lie with the enormous resources of large concerns, but these 
have often very little incentive to use their resources to 
produce major technological changes. The effect is shown 
in W. M. Grosvenor’s calculation^ that only 12 out of 
75 of the most important inventions between 1889 and 
1929 were produced by the research of the monopolies. 
The rest, we may suppose, depended on some more or less 
fortunate set of circumstances puttingthenecessary resources 
in other hands. 

There is, of course, a real problem behind this question 
of obsolescence. It may not benefit the community in some 
cases to change the methods of production too quickly; 
that might mean too great a loss on the older plant to be 
fiilly compensated by the increased production of the new. 
But the question that arises is: who shall decide at what 
rate changes should be made — ^the community as a whole or 
the few pe®ple who control an industrial monopoly? 

I'The Seeds of Progress’ in Cbmical Markets 94 (i<r9!^p> 24* Quoted 
in Stem, op, cit. 
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So there are at least three social factors that tend to restrict 
the use of the most advanced methods and ultimately to 
slow down the progress of invention. First, the faulty 
distribution system, which creates the chronic difficulty of 
selling products and therefore reduces the incentive to 
introduce advanced techniques. Second, mass unemploy- 
ment, which discourages invention through the fear of 
displacing labour and, by depressing wage-rates, often 
makes it cheaper to use monotonous labour instead of 
introducing highly automatic machines. Third, monopoly 
with its tendency to protect its own interests even at the 
cost of progress. These are not necessarily the only retarding 
factors, but at least they are three important ones. 

There is some further evidence that these are the tuain 
causes. In Figure 5 a we have drawn two curves for the 
later years. The broken curve includes aU the important 
inventions made in the period. The continuous curve uses 
only those inventions whidi have come into use to a 
significant extent outside the Soviet Union; it excludes 
techniques like the underground gasification of coal, 
hydro-mechanical coal-mining, mechanical cotton-picking, 
combined heat and power production, the stereoscopic 
cinema, etc., which have found little or no use in other 
countries (ii). The curves only begin to differ about 
X950, since it was only about then that the U,S,S.Il. re- 
covered sufficiently from the effects of the 1914-18 War and 
the wars of intervention to play a significant part in the 
furtherance of technical methods. (As Tsarist Russia did not 
contribute one single fundamental invention, we do not 
have to alter the oirve before 1917.) We note immediately 
that the curve which includes the U,S,S.R. rises between 
193Q and 1940 to about the level of the former peak in the 
eighties and looks as if it "will continue to rise steeply 
there^ftcri But the curve which excludes the invqptions used 
only in the remains at a low level. The signifioance 

of this is ths^c%c Soviet Union is the first state to change 
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its socul Structure in such a way as to eliminate faulty 
distribution and unemployment and to abolish the control 
of industry by private monopolies. This would seem to 
indicate a connection between these phenomena and the 
lowered invention rate. 

The events of the second World War point in the same 
direction. Here, through government control, sectional 
interests were largely subjected to the national needs of 
the Allies, unemployment disappeared, and the need for 
armaments abolished marketing difficulties. The result, as 
we have seen, was that the technical level of industry was 
rapidly advanced towards the best possible and in addition 
several notable inventions appeared. It is not possible to 
estimate accurately the changes in the invention rate during 
the war. We have no knowledge at aH of important inven- 
tions (if any) from the U.S.S.R., so that we cannot continue 
the broken curve. And for the continuous curve our in- 
formation is probably still incomplete. Yet in spite of this 
the relative invention rate rises very rapidly to about, or 
even above, the level of the former peak (iz). War removed, 
at least temporarhy, the social restrictions, and immediately 
the rate of invention shot up to its former level. Certainly 
the second industrial revolution is not at an end. 

It is not the purpose of this book to suggest the steps 
necessary to solve the problem of the effect of social con- 
ditions on technical advance. We only state the facts (or 
some of them) to enable the reader to play his part in 
solving it. Briefly those facts are; that the second industrial 
revolution, unfinished though it is, has already shown us 
the w'ay to provide plenty for all mankind; and that certain 
social factors, which have arisen in the last half century, 
have so far retarded the realization of this possibility and 
(except during the war, when they have been largely 
eliminated) ^ve tended to hold back the progress of the 
second industrial revolution. If the great advances in the 
happiness of mankind which this industmt revolution 
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makes possible are to be realized, some means must be found 
of overcoming the social problems. There can be little doubt 
that, just as the social factors which retarded progress in 
past eras were overcome, so also those of today can be 
overcome and the world of plenty can be realized. 
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THE RELATIVE INVENTION RATE 

(i) Basis of Compilation. The list of inventions began from 
a list of some 2,000 dates in technical history, which was 
compiled from many sources as an aid to writing this book. 
Many of these dates referred to such matters as statistics on 
the use made of machines, or the circumstances in which 
inventions were made, or to inventions of minor importance, 
improvements, etc. The list used in compiling the ‘score 
sheet’, which is given below in (2), modified by ( 8 ), contains 
only fundamental inventions extracted from the longer list. 
It includes, incidentally, a number of inventions which have 
not been mentioned in the text. The emphasis is strongly on 
inventions of fundamental importance, improvements and 
modifications being almost always omitted. 

As regards score, one point is given for a fundamental 
invention affecting a large sector of industry — for example, 
inventions in transport (e.g. railways), basic materials (e.g. 
cast iron), fundamental engineering tools (planing machine), 
power (Watt’s engine), etc. Hoff a point is given for a 
fundamental invention affecting only one industry — ^for 
example, the spinning jenny or the seed-drill. Inventions of 
somewhat lesser importance are given correspondingly 
lower scores; and in particular, many lesser inventions of 
the first class are given only the half point of the second 
class. In the lists (2) and ( 8 ), all scores have been multiphed 
by ten, in order to avoid the use of fractions. 

As regards dating, the decision is made in terms of the 
use of the invention. Drawings, plans, or even models, that 
did not ^ave practical conseq^uences (e.g. many of 
Leonardo’s) are ignored; and the inventiolt included in the 
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list is that -which led moie or less directly to use oa a signifi- 
cant scale. But even with this definition, it is often impossible 
to decide just which of many steps is to be regarded as the 
critical invention. There are also cases (like the water-wheel) 
where the technique came into use in two stages. Thus in 
many cases the score appertaining to a single invention has 
been shared between a number of dales. These cases are 
indicated in (a) by writing after the description of the 
invention, one or more dates in brackets, whi^ denote the 
dates of the other steps with which the score is shared. 
For example, the score for the power loom is shared between 
1787 and 1821. In a few cases, for example, the electric 
generator, the invention thus shared has seemed to merit, 
and is given, rather more than the usual maximum of i or J. 

The idea of a fundamental invention is naturally open to 
widely varying interpretations, and we therefore note here 
a few cases in which there is Ukely to be most difference of 
opinion. In the Middle Ages seveial applications of waters 
power to different purposes have been included, whereas in 
the eighteenth and nineteenth centutics similar applications 
of steam-power have not. We make this difference because 
the former were important steps in the development of the 
general idea that power can be applied to all manner of 
things, whereas the latter were merely applications of a 
new prime mover in a time when that idea was familiar. 
From the end of the eighteenth century on, we have strictly 
omitted all inventions of the type that would come under 
the head, ‘the mechanization of this or that particulat 
industry’. This has been done on the grounds that there 
-was seldom a fundamental inventive step involved — ^merely, 
as it were, the working out of the decision to apply 
machinery in a new field. It would in any case be beyond our 
powers to follow through the mechanization of all industries, 
•while to select patricular cases would almost cerfcvnly intro- 
duce biases atls^g &om the fact that various iudustries 
tMsderwedt moemmizatioa at different times. Thus the 
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inventions included in the list for the last century and a half 
are mainly (a) inventions in fundamental spheres hke 
machine tools, transport, power, etc,, and (b) inventions 
that created their own industries, hke radio. There are two 
exceptions, coal-mimng and agriculture, which have been 
included because they nearly fall in (a); unlike many other 
particular industries, their inclusion does not distort the 
general picture, because their mechanization has been going 
on for at least two centuries and is still in progress. In 
industries like textiles, in which the main mechanical in- 
ventions come in the eighteenth century, we have also 
included the nineteenth-century dates which complete their 
story. 

The list has been confined to the main stream of civiliza- 
tion from Egypt and Mesopotamia in and before the 
Bronze Age, through Greece and later Europe in the lion 
Age, and so to the world civilization of today. Inventions 
taking place, for example, in China before the time of direct 
links with the west, are noted in square brackets, thus [ ], 
in order to give them a perspective, but are not given a 
score. 

The detailed list of inventions begins with those that 
accompanied the invention of agriculture. For the purposes 
of the calculations that follow it is necessary to know the 
initial score at this point, and this has been assumed as five 
(fifty in the hst below, where everything is multiplied by 
ten). This is largely an arbitrary figure, but has been taken 
on the ati hoc assumption that the inventions which accom- 
panied or immediatdy followed the invention of agriculture 
(namely the hoe, sickle, saddle quern, flail, bow-drill, 
pottery, spindle, loom, ground and polished tools) but 
preceded the invention of smelting, roughly doubled the 
mechanical eqmpmcnt of humanity. An alteration of this 
initial scoi^g will change the form of Figure 5 1 in the following 
way. If the initial score is increased above five, the effect 
would be to decrease proportionately the hSght of the curve 
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at the extreme left of Figure 51, the decrease becoming less 
and less as one proceeds towards the right — ^in other words, 
the importance of the early period would be diminisVd . 
If the initial score is decreased, the effect would be the 
reverse. 

The dates before 2750 b.c. are extremely rough and have 
been chosen to correspond approximately to the known 
archaeological evidence, but at the same time to give a 
reasonably smooth curve. In the later parts of the list, ‘c.’ 
means ‘about’, ‘f.’ means ‘and the following years’, and 
‘(say)’ indicates that a development was extremely gradual 
or its dates extremely vague and that the particular date 
given has been chosen as a reasonable compromise. 


(2) The Table of Inventions and Scores. (To avoid fractions, 
eadi score is multiplied by ten.) 


Inreatioa 

Score up to in- 
vention of 
agriculture 
Hoe \ 

Sickle 

Saddle quern 

Flail (unhinged) 

Bow-dtill 

Pottery 

Spindle 

Loom 

Groundandpol- 
ished tools , 
Capper m i nin g) 
processes 
Copper smelting 
Copper smilitfs 
auxiliary tools 
ahdptocesses 
Casting 

Silver woHMag 
, Lead wotMi% 


Dare 

B.C. 


Score 


50 

5 


5500- 

4250 


4250- 

37301 


lo 


10 

5 

5 


Invention 

Wheeled ' 

vehicles 

Plough 

Harness 

SaU 

Potter’s wheel 

Sbaduf 

Balance 

Bronze \ 

Bellows 
Ore perdu cast- 
ing 

Developedtools 
ofmany crafts 
Wheel of pots 
Building tech- 
niques as in 
pyramids 
Spoked wheels 
Iron smelting 
(1100) 
Windlass 


Date 

B.c. 


J750- 

3250 


15230. 


2750 


Scote 


10 
10 
10 
10 
3 
3 
10 
f 10 
5 

5 

IS 

3 


c. i8qo 

(say) 1400 
(say) 1300 
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lavention 

Score 

Invention 

Date 

Score 


B.C, 



B.C. 


Effective use of 



Carpenter’s 



iron begins 



plane 

(say) 100 

5 

(1400) 

c. 1100 

7 

Watermill 

(say) 80 

10 

Improved and 



Screw press 

(say) 30 

5 

more varied 



Sheers with 



craftsmen’s 



block and 



and farmer’s 



tackle 

(say) zj 

z 

tools — 10, 



[Chinese har- 



distributed 



ness] 

(say) 0 

- 

as follows : 






700, i; 650, 



Oveishot water 

A.D. 


z; 600, 3; 5 JO, 



wheel — lim- 



z; joo, 2 



ited use(i 5 30) 

c -475 

2 

Pulley 

c. 700 

10 

[Block printing, 



Rotary quern 

c. 600 

5 

China] 

(say) JJO 

- 

[Draw loom. 



[StijfrupSjChxna] (say) 650 

- 

China] 

c. JJO 

— 

Modern saddle 



Sheep shears 

c. joo 

5 

harness in 



Beam press 

(say) JOO 

z 

Europe 

(say) 8jo 

5 

Building tackle, 



Horseshoe 

c. 900 

10 

crude cranes. 



[Persian wind- 



etc. (zoo) 

C.4JO 

z 

mill] 

(say) 9JO 

- 

Animal-driven 



Modern draft 



quern 

c. 4JO 

5 

harness in 



Limited general- 



Euiope(r2oo) (say) 950 

J 

izationofani- 



[Movable type, 



mal power 



China] 

1041 

- 

(a.d, izzj) 

(say) 400 

? 

Hinged flail 

(say) lojo 

5 

Screw of Ardii- 



Europeanwind- 



medes 

(say) zjo 

5 

mill 

C. IIOJ 

10 

Advanced 



Woodcuts for 



cranes (450) (say) zoo 

3 

capital letters. 



Heavy plough (say) zoo 

5 

Eutope(i289) 

1147 

z 

Nail - making 



Water - power 



anv£ 

(say) zoo 

J 

fulling 

(say) 1 1 JO 

3 

Wire - drawing 



Water - power 



blocks 

(say) ijo 

J 

crushing 

(say) II JO 

3 

Animal - driven 



Magnetic com- 



wheel* of 



pass 

1195 

5 

pots 

C, IJO 

5 

Water - power 



Force pump 

C. IJO 

J 

sawing • 

(say) 1200 

3 


2II 
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Scote Invention 

A.D. 


Date 

A.d. 


Scote 


Water - power 
tilt-hammer (say) laoo 3 
Completion of 
evolution of 

harness (950) (say) 1200 5 
As consequence 
of last item, 
fuller gen- 
eralization of 
animal-power 

(400 B.c.) (say) 1225 7 
Mechanical 

clock 1232 5 

Modern type 
plough (say) 1250 5 
Wheelbarrow (say) 1250 4 
Modern rudder (say) 1250 10 
Mechanicalreel- 
ing and twist- 
ing of silk 1272 5 
Block printing 
in Europe 

(1147) 1289 3 

Water - driven 


blast 

1293 

3 

Spinning wheel 

1298 

5 

Lock gates 

(say) 1300 

5 

Water - driven 



grindstone 

(say) 1310 

3 

Water - driven 



trip forge- 



hammer 

(say) 1320 

3 

Perfected es- 



capement 

1348 

5 

Lathe 

(Say) 1330 

10 

Overshot water- 



wheel, fuller 



we (475) 

(say) 1430 

3 

Wife - dtkwiog 



machine 

■» 1430 

3 


Movable type, 
imperfect, 

Europe(i45o) 1381 i 
[Metal type, 

Korea] 1390 - 

Cast iron (say) 1400 ro 
Crank motion (say) 1400 5 
Rolling - mills 

(1700, 1784) (say) 1425 2 

Perfected mov- 
able type, 

Europe(i38i) 1450 4 
Spring clock c. 1490 5 
Powered town 
water sup- 
plies (say) 1500 5 

Perfected spin- 
ning machine 
with flyer and 

treadle 1530 5 

Railways at 

mines 1546 3 

Power gig-mill (say) 1530 3 
1 Machines of De 

Re MetaUiea (say) 1350 3 
Screw - cutting 
lathe (say) 1530 5 

Mandrel lathe (say) 1530 3 

' Ribbon loom 

(1621) 1379 I 

Turret windmill (say) 1580 3 
Knitting mach- 
ine 1589 3 

Cementation ^ 

steel 1614 5 

Ribbon loom 

(1579) 1621 4 

Pendulumclocik 
(i66i) •• 1641 2 

Worcester’s 
engine (say) 1630 i 
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Invention 

Date 

A.I>. 

Score 

Balance spring 
Huygens’ mar- 
ine clock 

1658 

3 

(1641) 

i 66 x 

3 

Plunger pump 
Centrifugal 

1675 

3 

pump (1818) 
Anchor escape- 

1680 

I 

ment (1715) 
Savery’s steam- 

1680 

2 

engine 

Polhem’s im- 
proved roll- 
ing mill (142 J, 

' 1698 

3 

1784) 

(say) 1700 

2 


Polhem’s ptim- 
itive mass 


production (say) 1700 2 
Screw guides ia 
lathe mandrel 
Wet sand cast- 
ing 

Newcomen en- 
gine 

Dead beat es- 
capement 
(1680) 

Smelting with 
coke (say) 1717 10 

Seed diill (re- 
stricted use 
and not mod- 
ern type) 

(1782) (say) 1730 I 

N ew c omen 
engine used 
for rotary 
motion » via 

water-wheel 1732 i 

Flying-shuttle 1733 j 


Invention 

Dale 

Score 

Spinning by 
rollers 

A.D. 

1738 

3 

Cast steel 

1740 

5 

Elements of slide 
test 

1741 

3 

Automatic rib- 
bon loom 

1745 

3 

Carding mach- 
ine 

1748 

5 

Fantail for 
windmill 

1750 

3 

Successful chro- 
nometer (say) 

1766 

3 

Spinning jenny 
Arkwright’s 
water frame 

1768 

3 

1769 

3 

Watt’s first pa- 
tent (1776) 

1769 

3 

Wilkinson’s im- 
proved cyl- 
inder borer 

1773 

3 

iCeverberatory 
puddling fur- 
nace (1784) 

1776 

2 

Watt’s first en- 
gine (1769) 

1776 

3 

Crompton’s 

mule 

1779 

3 

Comp ound 
steam-engine 
(1804) 

1781 

2 

Watt’s rotative 
engine 

1781 

10 

Seed drill (1730) 

1782 

4 

Watt’s double- 
acting expan- 
sive engine 

1782 

3 

Balloon 

1783 

3 

Cotton-printing 
machine * • 

1783 

5 


c. 1700 j 
1708 5 

1712 5 

1715 3 


213 



Invention 

Cort’s perfected 
rolling - mill 
(1425, 1700) 
Perfected pud- 
dling in re- 
verberatory 
furnace(i776) 
Attempted inter- 
changeable 
manufacture 
(1800) 

First redly use- 
ful thresher 
(Meikle) 
Cartwright’s 
power loom 
(1821) 

Miller and 
Symington’s 
steamship 
(1802, 1807) 
Cotton gin 
Maudslay im- 
proves lathe 
Hydraulic press 
Trevithick’s 
road loco- 
motive(i825) 
Breast water- 
wheel 

Whitney’s inter- 
changeable 
manufacture 

(1785) 

CharhtfeDundas 
(1788, 1807) 
High - presute- 
steaiu-engine 
TrevithrcVsrall 
engjbe (1811, 
1 ^ 14 , i8a9) ^ 
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Date 0 

Scoic 

A.D. 

Invention 

Date 

A,n. 

Score 



Compound en- 





gine reintro- 



1784 

2 

duced (1781) 

1804 

3 



Jacquard loom 
Fulton’s Cler- 

1804 

5 

1784 

3 

mont (1788, 
1802) 

1807 

3 



Considerable 





development 



1783 

I 

of railway 
locomotives 



1786 

5 

(1803, 1814, 
1829) 

i8n 

3 

Stephenson’s 





first locomo- 



1787 

2 

tive (1803, 
iBii, 1829) 

1814 

2 


Centrifugal 

pumpinprac- 

1788 2 tice (1680) 1818 4 

t 793 3 Milling machine 1818 10 

Lathe for irreg- 

i794fio ^ar turning 1818 5 

^ 79 ^ J Planing machine (say) 1820 10 
First practical 
1797 a calculating 

machine, 

fsavl 1700 1 ' Thomas de 

k 7 ) 799 5 Colmar (1892) 1820 i 

Horrocks per- 
fects power 

1800 9 loom (1787) 1821 3 

Brown’s inter- 
i8o 2 } nal combus- 

tion engine — 

1802 j firsttobeused 

in practice 
(1838, i860, 

1803 1 1867, 1R76) 


1823 I 
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Invention 

Successful s team 
carriages 

(1797) 

Automatic spin- 
ning mule 
Bell’s reaper; 
first (moder- 
ately) success- 
ful (1831, 
1834) 

Water turbine 
Hot blast in 
smelting 
‘Rocket’ (1803, 
1811, 1814) 
Ring spinnmg 
Manning’s 
reaper (1826, 
1834) 

Electric bell 
Pixii’s electric 
generator 
(1835, 1845, 
i86j, 1870, 

1882, 1883) 

McCormick’s 


Date 

Score 

Invention 

Date 

Score 

A.t>. 

Barnett gas en- 

A.D. 





gine (1823. 



C. 1823 

3 

i860, 1867, 

1876) 

1838 

I 

1823 

3 

Steam-hammer 
Practical arc 

1839 

5 



lamp 

1844 

5 


1826 I 

1827 10 

1828 5 

1829 4 

1830 3 


1831 I 
1831 I 


1832 I 


Electro - mag- 
nets in gen- 
erator (1832, 
1835, 1B63, 

1870, 1882, 

1883) 

Rotary printing 
press 

Turret lathe 
Howe’s sewing 
machine 
Compressed air 
in mining 
Cable ploughing 
Combing mach- 
ine 

Cylindrical grin- 
der (1864) 


1845 2 

1845 5 
C. 1845 JO 

1846 5 

1849 5 

1850 3 

1830 3 

c. 1830 2 


reaper (1826, 



Haymaking, 



M 

erv 

00 

1834 

3 

changeover 



Primary accom- 



to machine 



plishments in 



and horse- 



drop-forging, 



lake 

c. 1850 

5 

die-stamping. 



First true disc- 



etc. 

c. 1833 

5 

type coal- 



Commutator 



cutter (1868, 



(1832, 1843, 



1875) 

1832 

I 

1863, 1870, 



Practical maize 



1882, 1883) 

H 

00 

Wl 

2 

planter 

00 

H 

5 

Colt’s reWver 

1833 

2 

Aluminium fac- 



Screw propeller 

(say) 1836 

5 

tory (1886) 

1853 

2 

Telegraph 

1837 

10 

Bessemer steSl 

1836 

10 
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Invention 


Scote Invention 


Filst bar-type 
coal - cutter 
(1885, 1895) 
Two-horse 
straddle-row 


Improved wind- 
ing in gener- 
ator (183 a, 
1835, 1845, 


Early gyro-tiller 

(1930) 

First practical 
chain - type 
coal - cutter 


1868 1 


cultivator 

1856 5 

(1901) 

1869 

I 

First commer- 


Refrigerator be- 



cially success- 


gins to come 



ful gas-engine. 


into practice 



Lenoir (1823, 


(1873) 

c. 1870 

z 

1838, 1867, 


Automatic lathe (say) 1870 

10 

1876) 

i860 2 

Gramme’s ring 



Combine har- 


armature 



vester (1873) 

i86of. I 

(1832, 1835, 



Universal mill- 


1845, 1865, 



ing machine 

1861 3 

1882, 1883) 

1870 

z 

Machine gun 

1861 2 

Electric furnace 



First commer- 


for steel 

1870 

5 

cial grinder 


Mushet’s tool- 



(1850) 

1864 3 

steel 

1871 

10 


Linde’s ammo- 
nia compress- 
ion refriger- 
ator (1870) 


1873 3 


1883) 

1865 

2 

engine (1885) 

1873 

3 

open - hearth 



Essentially mod- 



steel 

1867 

5 

ern disc-type 



Early Otto gas- 



coal - cutter 



engine (1823, 



(1852, 1868) 

1875 

3 

1838, i860. 



Combine har- 



1876) 

1867 

2 

vesters spread 



Combine seed 



(i860) 

c. 1875 

4 

drUl 

1867 

J 

Otto’s Silent Gas- 



Practical type- 



engine (1823, 



writer 

1868 

5 

1838, i860, 



PaMy success- 



1867) 

1876 

4 

, fill disc coal- 



Telephone 

•• 1876 

lo 

cutter (1832, 



Basic Bessemer 



, *873.) 

1868 

I 

process 

1877 

5 
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Invention 


Scote Invention 

A.D. 


Phonograph 

(1887) 

Bena’s motor- 
car (1889) 

Basic open- 
hearth pro- 
cess 

Sheaf - binding 
harvester 
Incandescent 
electric lamp 
Public electric 
lighting 

Almost perfec- 
ted electric 
generator 
1835, 

184J, 1865. 

1870, 1883) 

Alloy steelsj for 
armaments 
only (1910) 
Carbon brush 
for generators 
(183a, 1835, 

1845, 1863, 

1870, 1882) 

Steam turbine 
Daimler’spetrol 
engine (1873) 
Duprez, pion- 
eeringon long- 
distance trans- 
mission of 
electricity 
(1887, 1889) (say) 
Improved bar- 
type •oal- 
cutter (1856, 

1895) 


1877 I 

1878 I 

1878 s 
1878 5 

1880 5 

1881 s 

i88z 4 
i88af. z 


1883 I 

1884 10 

1885 7 

1883 3 

1883 I 


Electricity in 
mining 

Development of 
heavy oil 
engine 

Electric welding 

Electrolytic 

aluminium 


(1855) , 

Poly-phase elec- 
tricity (1883, 
1889) 

Automatic tele- 
phone (1920) 

Gramophone 
and auxiliary 
processes 


(1877) 

Dunlop tyre 
Motor-car (1878] 
Ferranti’s H.T. 
generation 
(1883, 1887) 
Tractor with 
internal com- 
bustion cn- 
giiie (1914) 
Multi - spindle 
lathe 

Diesel’s main 
patent (1897) 
Northrop loom 
Brunsviga cal- 
c u 1 a t i n g 
machine 


(r8zo) 

Abrasives ftom 
electric fur- 
nace 

Linde’s liquid 
air plant* • 


Score 

A.D. 

1883 3 

c. 1885 5 

1886 3 

1886 3 

1887 3 
1887 I 

1887 4 
1889 5 
) 1889 4 

1889 4 

1890 I 

(say) i89of. 5 

1892 4 
1892 5 

1892 4 

1893 5 

1895 3 



APPENDIX 


Invention 

Cinematogtaph (say) 
Essentiallymod- 
etn bar-type 
coal - cutter 
(1856, 1885) 

Radio tele- 

graphy 

Swathe - turner 
(haymaking) 
Turbinia 
Diesel’s first 

engine (1892) 
High-speed 
tool-steel 

Submarine (say) 
Fessenden’s 
radio tele- 
phony (1914, 
1918, 1920) 

Zeppelin’s ait- 
smp 

Oxygen cutting 
and welding (say) 
Magnetic rccor- 
ding (1924. 

1933) 

Petcussive coal- 
cutter 

Modern chain- 
type coal- 
cutter 11869) 
Scraper convey- 
or in mining 
Claude’s liquid 
air plant 
Aeroplane 
Convertible 
swathe-turner 
and side-de- 
livery rate in 
haymaking- ^ 


Date 


^ ^ Scoie Invention 

AiDi 

1893 5 Coal loader .early 

step (1922) 
Thermronic 
valve (1906) 

1895 3 Band conveyor 

in mining 

1896 10 Triode valve 

(1904) 

1896 5 Lauste’s ‘talkie’ 

1897 5 patent (1923, 

1928) 

1897 6 Radio picture 

telegraphy 

1898 10 (1926) 

1898 5 Radio direction 

finding 

Thermit welding 
Duralumin 

1900 I Alloy steel 
spread into 
1900 5 general use 

(1882) 

1900 5 Crude tdevision 

(1926, 1957) 
Conveyor belt 

1900 I I mass-produc- 

tion 

J i Jigget - type 
conveyor in 
mining 

1901 4 j Early hydraulic 
coal - burster 

1902 5 I (1936) 

Tractor spreads 

1902 y in practice 

1903 10 (1890) 

Radio tdephone 

on way to 
practical < 
(1900, 1918, 
X903 3 I 1920) 
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Date 

A D, 

1903 

1904 

1905 

1906 


State 

I 

5 

5 

1 


1906 I 


1907 2 

1907 3 

1908 3 

1909 3 


c. 1910 3 
1911 I 

i9i3f.io 

1913 5 

1913 I 

c. 1914 4 


1914 2 
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Livention 

Date 

A.D. 

Score 

Invention 

Date 0 
^ „ Scoie 

A D, 

Magnesium 



Beam radio 

1924 5 

from brine 

1915 

5 

Electric re- 

Tank 

1916 

5 

cording for 


Centreless grind- 



giamophone 

1924 3 

ing (1928) 

1916 

2 

StiUe’s work on 


Various aircraft 



magnetic re- 


developments 



cording(i9oo, 


during war (say) 

1916 

5 

.*933) 

1924!, 2 

Various radio 



First patent for 


developments 



variable pitch 


during war (say) 

1916 

5 

airscrew 


Vaiious machine 



(1934) 

1924 2 


shop develop- 



Autogyro 

c. 1925 

5 

ments during 



Tungsten car- 



war 

(say) 1916 

5 

bide tools 

c. 1926 10 

Radio telephony 



Transoceanic 



established 



radio picture 



(1900, 1914, 



telegraphy 



1920) 

1918 

4 

(i 9 ° 7 ) 

1926 

3 * 

Handley - Page 



Baud’s televis- 



slot (aiicraft) 

1919 

3 

ion (i9ii» 



Broadcasting 



mi) 

1926 

3 

(1900, 1914, 



Quality control, 



1918) 

19201. 3 

limited devel- 



Centrifugal 



opment(i94i) 

1926!. 

2 

casting 

1920 

5 

Centreless 



Automatic tele- 



grinder in 



phone in use 



general prac- 



(1887) 

1920 

4 

tice (1916) 

c. 1928 

3 


Commercial ap- 
plicatioa of 
coal - loader 
begins (1903) 
Pumpless 
absorption 
refrigerator 
De Forest’s 
‘talkie’^pa- 
tent (1906, 
ijaS) 


I9ZZ 4 


1923 5 


* 9*5 5 


First ‘talkie* 
(1906, 1923) 
Modern gyro- 
tiller (1868) 
Improved mag- 
netic record- 
ing (1900, 
1924) 

Early develop- 
mentsinstpreo 
cinema (1938) 


1928 I 
c. 1930 4 


1933 2 


1934 lU 



appendix 


lavention 

Variable pitch 
airscrew 
problem 
solved (1924) 
Gas - turbine, 
some progress 

(1939) 

Heat-and-power 
electricity 
generation 
Beginning of 
radio-loca- 
tion (1940, 

1943) 

Cotton - picker 
(partial) suc- 
cess 

Hydraulic coal- 
burster(i9t3) 
‘Emitron’ tele- 
vision (1911, 
X926) 

Combine coal 
cutter-load- 
ers (value not 
yet proven) 
Hydro-mechan- 
ical mining 
Whittle’s suc- 
cessful jet en- 
gines •(1941) 
Principle of fly- 
ing bomb en- 
gijui (1943) 


Date 

A.D. 


Score 


C. 1934 3 

C. 1933 3 

(say) 1935 7U 

1935 a 

1936 3U 
and 2 

1936 4 

1937 I 

c. 1937 2 
1937 jU 

1937 3 

1938 I 


Invention 

Helicopter, par- 
tial successes 

(1941) 

Underground 
gasification 
of coal 

Developed 

stereo-cinema 

.(1934) 

Significant 
development 
of gas-tur- 
bine (1935) 

Kapiiaa’s tur- 
bine refriger- 
ator 

Radio-location, 
further dcvel- 
opment(i933, 

1945) 

Helicopter, full 
success(i938) 

Jet - propped 
aeroplane 

(1937) 

Quality control, 
full develop- 
ment (1926) 

Flying bomb 
engine (1938) 

Radar develop- 
ments over a 
wide field 
(193 J> 1940) 

Release of 
atomic energy 


Date 

A.D. 


Score 


C. 1938 3 

c. 1938 jU 
c. 1938 4U 


c. 1939 7 

1939 5U 

1940 3 
c. 1941 7 

1941 7 

c. 1941 8 

1943 4 

c. 1943 5 

1943 10 


iFot the twentieth, centuty certain adjustmeojss are made 
tp co-mpe^sate f^t eastots indent in this way of presenting 
tine list. ThesB are eapkined in (8) page aas* Hie meaning 
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of the ‘U’ which follows certain scores is explained in (ii) 
page zaj. 

(3) Critique of the Siffiificmce of Deductions made from the 
Ust. The most obvious weakness of this list is that it is 
not complete. Apart from the author’s own incomplete 
knowledge, there are many critical steps in technical history 
which the historian and archaeologist have not yet elucidated. 
It is conceivable that the omissions might be systematic to 
such an extent that they would upset the general forms of 
Figures 51 and 52, and therefore invalidate conclusions 
drawn from them. But at most points of the curve it would 
require a very heavy concentration of omissions to have 
a significant effect — a heavier concentration than seems 
likely. In two places, however, the danger is perhaps big 
enough to be significant; (i) in the Iron Age down to Roman 
times, where archajological investigation has not been so 
thorough as for the Bronze Age (a particular case of doubt 
is noted in (6) page 222), and (ii) in the last half century, 
where a foreshortening of perspective might seriously affect 
the matter of omissions. In the latter case, we take certain 
special precautions, as described in (8) page 223. 

There are very great difficulties in comparing the values 
of inventions separated by, say, a millennium or more in time. 
Further, as mentioned in (i), the choice of the initial score 
at 5JOO B.c. also affects the relative heights of the curves 
at widely different times. Thus, although we have made 
some deductions from the relative heights of the curve of 
Figure 50 at widely different times, these should be viewed 
with caution. On the other hand, the difficulties in com- 
paring inventions chronologically close to one another are 
much smaller. Thus the fact that the curve is rising or 
falling at a particular point and the rate of rise 01 fell are 
likely to tjp significant, as are comparisons of the heights of 
the curve over periods of two or three centuries; so de- 
ductions made from these properties of The curves bear a 
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greater weight. The choice of the initial score at 5500 b.c, 
has little effect on tliese latter considerations. 


(4) Figure 51 is the graph of ■^(/ogj)=joo -—jj 

against /, where j/ is the score of inventions up to time A 
The curve has been smoothed to eliminate wobbles which 
do not appear to be significant, but merely to represent 
inevitable accidents affecting invention, or where dates are 
not accurately known. 


(5) The statement marked (5) in the text is, of course, 
only true if the law of growth is that the rate of growth, 
is proportional to the score It might be proportional to 
VJ* ®tc. But the law is the simplest law of growth 


and is normally assumed to be the*true one unless there is 
evidence to the contrary. Some further evidence that this 
is the appropriate law against which to analyse the rate of 
invention is given by the fact that the main peaks of Figure 5 1 
before 1700, representing the periods of least restricted 
advance, ate very roughly of equal heights. 


(6) The decline at E is the most doubtful point on the 
graph. We know of no important invention between 400 
and 300 B.c, But the period has not yet been well investigated 
archseologically, so that there may be important omissions 
here. It is raAer unlikely that ihe drop at E would be 
entirely eliminated by fuller knowledge, but it might be 
very greatly diminished. 

(7) If the figures calculated from our score,, sheet are 
literally intBi|>reted, this decline would be very much more 
violent The tfiaaSmum height at I would then be *120 and 

ati 
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the min imum at J would be -031, and thete would be 
violent oscillations between I and K. However, detailed 
examination of the list appears to indicate that accidental 
factors may have accentuated the decline, and that it is best 
to interpret it cautiously as in the graph. The calculations 
do, however, make it quite clear that after the hesitation it 
is just about 1700 that the relative invention rate shoots 
up rapidly and without hesitation. 

(8) There are speaal difficulties -in ensuring that our list 
of inventions adequately represents the history of the last 
fifty years. When the decline remarked on in the text became 
obvious, wc reallocated the score in the modern period on 
a specially ‘generous’ basis, in order to ensure that the bias, 
if any, should be against the conclusions that we draw — 
i.e. that the conclusions should stand up to the test of having 
the evidence heavhy weighted against them. Thus items like 
the hydraulic coal-burster, electrical recording for the 
gramophone, and the various steps in magnetic recording 
are given points, although it is extremely doubtful if ffiey 
should rank as inventions of fundamental importance in 
the sense in which that term has been interpreted for earlier 
periods. 

In addition there are a number of trends in modern times 
which do not express themselves as inventions in a deat-cut 
sense, but rather as gradual improvements. As this is partly 
a sign of changed conditions of progress, and as the results 
of some of these trends do add up in the long run to effects 
equivalent to those of fundamental inventions, we felt it 
necessary to make some allowance for them. This is done, 
as in the appended table, by allowing a score for each trend, 
and distributing it over the period 1900-44 in the way that 
seems best to fit the general impression one receives of 
each trencj. The points thus obtained have been added to 
those of die main table (a), before calcdating the relative 
inveutioh rate for the modem period. 

zz$ 
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Total Distribution of 
Trend score score 


Use of photo-electric cell and 
similar devices for the auto- 


0 

H 

i 

8. 

M 

0 

t 

w 

C\ 

w 

0 

i' 

0\ 

M 

On 

i 

C\ 

w 

1 

? 

c^ 

CJ\ 

matic control of machinery . 

Miscellaneous advances and re- 
finements in machine tools, 
other than those listed in (a), 
(especially those arising from 

15 


1 

1 ! 

3 

8 

3 

mass-production of motor-cars) 
Cumulative improvements in 
agricultural machinery, other 
than as hsted in (2) (espeaally 
machinery for planting and 
harvesting roots and miscel- 

10 

1 

3 , 

2 

2 

! 

1 

3 

laneous crops) . 

Further developments of light 

U 

2 

3* 

! 3 

I 

i 5 

4 

alloys after 1909 

5 

1 

I 

I 

1 

1 ^ 

1 I 

Plastics developments . 

Aircraft advances, othei than 
those listed in (z), (e.g. appli- 
cation of supercharger) 

10 

5 

1 

I 

3 

1 

2 

5 

2 

2 

I 

Totals 

60 

3 

9 

14 

20 



The curve of Figure 52 has again been smoothed to 
eliminate minor peaks and hollows of no significance. But 
actually in this case there was little smoothing to be done; 
and after 1870 the curve actually passes through all the 
points obtained by calctilatirig the relative invendon rate 
over ten-year periods. 

(0), It should be noted that it makes very little difference 
to md shape olithS curve over so short a period as r 50 years 

424 
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dy 

i£ we graph the simple invention rate — instead of the 


relative invention rate. The whole curve is pushed upwards 
sbghtly towards the right. The decline after 1900 becomes 
a little less pronounced, but just as obviously real. We 
emphasize this, lest anybody should think that the dechne 
after 1900 arises from the use of the relative invention rate. 


(10) Among those who have noted declines in invention 
in recent times ate C. C. Fuinas in The Next Hundred Yean 
(London, 1936), pp. 292-4; the U.S. Government document. 
Technology in Our Economy (Washington, 1941), pp. 184-j; 
and more vaguely, Corrington Gill in Unempl<yment and 
Technological Change (Washington, 1940), another U.S, 
Government document. G. Sarton in The Study of the 
Histoiy of Science (Cambridge, Mass., 1936) reached a similar 
conclusion for science in general, but more tentatively and 
(we think) on less certain evidence. 


(11) The scores which are thus used for the broken curve 
in Figure 52 but not for the continuous curve are those 
marked ‘U’ in Table (2) pages 219-20. We emphasize that 
we arc not here concerned with die place of invention, but 
only with the question of its use to a significant extent. In 
this connection the reader who is interested might make a 
similar comparison between England and the rest of the 
world between 1640 and 1800 (in this case the place of 
invention is the easier criterion to use). This gives an even 
more striking example of the concentration of technical 
progress in a country which, ahead of the rest, has made 
appropriate social changes. 

(12) Although all the wartime inventions we have 
recorded are ckted 1943 or earlier (the release of atomic 
energy achieved in 1943, though the bomb did not fall 
till 1945), we have nevertheless calculated (jn the basis that 
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they occupied the five yeats, 1939-44. If one reduces the 
period to four years, the relative invention rate is raised to 
about -94 for 1941. 

The graph also shows a similar, but less pronounced, 
tendency for the decline in the invention rate to be arrested 
during the first World War. Though the 1914-18 War 
produced remarkable developments in certain fields of 
applied saence (e.g. chemicals and surgery), its effects were 
much less marked than those of 1939-45, and particularly 
so in mechanical matters. Even those mechanical develop- 
ments which did tend to arrest the dcchne were not so much 
new inventions as very rapid developments in such matters 
as flying and radio, which amounted m effect to inventions. 
One obvious, reason why the first World War had so much 
less effect on the invention rate than did the second is that 
in it the subjection of private interests to those of the nation 
as a whole was much less thorough. 

SUGGESTIONS FOR FURTHER READING 

A comprehensive bibliography of the subject would 
necessarily contain many books in foreign languages and 
references to periodicals which are not generally available. 
The list below merely indicates some of the more easily 
available works in English which are not of a highly 
technical nature. A few more works will be found in foot- 
note references to the text. 

A. P. Usher ; A ’History of Meehameal Inventions (New York, 
1929) covers the history of most of the main types of 
machinery (but not of manual tools) ftom classical times 
tiU about the end of the nineteenth century. It contains an 
excellent bibliography of ten pages, which will enable the 
reada: to follow up particular interests. A. P, M. Fleming, 
and J- BrocHehurst; A 'History of En§iieering ^London, 
c6v®?a approximately the same period, but deals to 
somh Ofcbut with different topics. 

zzfi 
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Both these books neglect the history of pre-classical times 
and are rather weak on classical times. For a first approach 
to these periods one can. do no better than begin with two 
of V. Gordon Childe’s books: What Happened tn History 
(London, 1942), which deals with general social history 
till the end of Roman times, putting tools and machines, as 
well as other aspects of science and technology, in their 
social settmg; and The Story of Tools (London, 1944), an 
excellent brief sketch of the evolution of tools and machines 
to the end of classical times (with a few words on later 
periods), particularly valuable for its sixty-odd illustrations. 
H. Peake: Early Steps in Human Progress (London, n.d.) 
consists of a scries of chapters dealing separately with 
various techniques from the earliest times to the early 
Iron Age, with comparisons with modern primitive peoples. 
There is a vast amount of interesting detail on early tech- 
niques and a wealth of illustration in A. Neuburger: Tbe 
Techmeal Arts and Sciences of the Ancients (London, 1930), but 
this book should be used with caution, as it contains a rather 
large number of errors and lacks historical perspective. 

For other particular periods the following works are 
useful: 

A. Wolf’s two books: A History of Science, Technology and 
Philosophy in the Sixteenth and Seventeenth Centuries (London, 
193 j), and A Plisto/y of Science, Technology and Philosophy in 
the ^ghteenih Century (London, 1938) both contain excellent 
chapters on mechanical matters and are very well illustrated. 

E. Cressy; A Hundred Years of Mechanical Engfneenng 
(London, 1937) covets, in spite of its title, the period from 
the later eighteenth century till about 1930. 

For recent times works which cover the whole field in a 
fuHy satisfactory way are, naturally enough, not available. 
E. Cressy: Discoveries and Inventions of the Twentieth Century 
(5rd edition, London, 1950) contains a lot of interesting 
information, but is not fvdly satisfactory; in any case, it is 
not now up to date. In the past ten years the Government 
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of the U.S.A. has produced a series of interesting reports on 
technical and related matters, of which the most outstanding 
is Tedmlogieal Trends (WasWgton, 1937). This considers 
the main technical developments of the last few dpr-arlps in 
relation to their social implications; it also contains an 
historical chapter on resistances to technical progress. Some 
of the other American documents have already been men- 
tioned in footnotes. In the last few years the British 
Government has also begun to issue reports on technical 
matters, of which two are particularly important. First, 
Coal-Mining: Report of the Technical Advisoty Committee 
(Chairman, C. C. Reid) (London, II.M.S.O., 1945), which 
documents in detail the technical state of the British industry 
over the l^t few decades, with comparisons with other 
countries; and second, the Report of the Colton Textile 
Mission to the United States of America^ Manh-April, 1944 
(Chairman, F. Platt) (London, H.M.S.O., 1944), giving a 
detailed comparison of British and American practice, with 
the emphasis largely on machinery. 

For the history of machine tools, see J. W. Roe: English 
and American Tool Builders (New Haven, 1916). This covers 
the period from the later eighteenth century till about 1900 
and contains a useful bibhography. 

For the development of power machinery an excellent 
book is H. P, Vowles: The Quest for Power (London, 1951). 
It deals not only with power, but also with other mechanical 
developments that necessarily preceded and accompanied 
its development. There are many books on the steam-engine, 
a very useful example being H. W. Dickinson: A Short 
Histoiy of the Steam Etfgine (Cambridge, 1939), covering 
events fcom the sixteenth century almost to the date of 
publiimtioti* 

Averjtrea^abl*! short book on the coal industry, including 
mudih on its tttabhifiety, is D- H. Rowlands: Coal— and All 
CDwidJin, t94j)' For recent times this can be 
Reid report referred to above. 
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For agriculture and its associated techniques in their 
earliest development see E. Cecal Curwen’s Plough and Pasture 
(London 1947), Volume 4 in the Past and Present series. 

M. J, B. Davy has written two excellent books on the 
history of flymg; Interpretive History ofpli^t (London, 1937), 
and Air Power and Civilisation (London, 1941). They cover 
approximately the same material, the latter being rather the 
more ‘popular’ of the two. 

The development and production of the atomic bomb 
as well as the scientific work that led up to. it, is dealt with 
in Atomic Energy, by H. D. Smyth, the official U.S. Report 
on the subject (reprinted by H.M.S.O., 1945). The reader 
who has not had a scientific training will probably find this 
difficult to follow unless he prepares by reqifihg first a 
simple account of atomic physics, such as A. K. Solomon: 
Wl^ Smash Atoms? (London, 1946), which explains the 
subject largely in a historical way, ending with a discussion 
of atomic energy. 

Information on mechanical developments in the U.S.S.R. 
is mostly to be found in scattered papers. A certain amount 
in very general terms is contained in The U.SS.R. Speaks 
for Itself (London, 1943), while interesting articles on the 
subject have appealed in the quarterly periodical The Anglo- 
Soviet fournaU 

Of books concerned with soaal aspects of mechanical 
invention in recent times, several have been mentioned in 
footnotes to Chapters IX and XI and in the Appendis (time 
fact that we take a particular quotation or fact from a book 
does not, of course, imply whole-hearted approval of the 
book as a whole — ^the re^er must judge for himself the very 
varying quality of these works). On the subject of cartels, 
their effects on technical progress and their role in aiding 
the military expansion of Germany, see, besides the 
American reports mentioned in footnotes, Guenter Reiraann; 
Patents fir Hitler (London, 1945), -and J. Borkin and C, A. 
Welsh; Genma^s Master Plan ^ondonpi^i), 
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J. B. Jefferys’ The Stoty of the Engineers (London, 1946) 
presents the history of mechanical progress from 1800 
onwards from the point of view of the engineering worker. 

It deals largely with Trade Union history, but puts this in 
its technical setting. 

The Science Museum, South Kensington, has published 
a series of handbooks which in many cases form the best 
introductions to the history of particular subjects. A good 
example is G. F. Westcott: Pumping Machinety, Part I, — 
Historical Notes (London, H.M.S.O., 19} 2). 

Biographies of particular engineers are far too numerous 
to mention here. They may be found in most library 
catalogues under the name of the biographee as well as 
the biographer. We may, however, single out Samuel 
Smiles: The Lives of the Engineers, 5 volumes (London, 1874, 
and popular edition 1904), a series of biographies of British 
engineers, both civil and mechanical, up to the early 
nineteenth century. 

Many papers on the history of tools and machines are 
to be found in the Transactions of the Newcomen Society, a 
periodical devoted to the history of technology. Many of 
the engineering periodicals also contain from time to time 
articles on historical subjects, and they are, of course, 
essential to those who wish to bring their history right up 
to date. We do not intend to indicate an order of merit 
when we single out from the many such journals the 
following examples: Engineering, The Engineer, Machinery, 
The Aeroplane, Flight, and the recently begun Government 
journal. Agricultural Esgfneering Rjecord, dealing with the 
votk of the National Institute of Agricultural Engineering. 
There are also more ‘learned’ journals like the Proceedings 
of the Institution of Mechanical Engfneers, which sometimes 
contain historical papers which ate not highly technical. 
Of the many journals dealing with prehistoric and early 
historip times, 'the mosa suitable for the generaT reader is 
Anihpuity. The djonthly Dfsewety deals with science in 

rjo 



APPENDIX 


general, both historical and current, and includes a pro- 
portion of articles on machinery — ^for example, Volume 6 
(1945), pp. 281-90, contains an excellent account of 
the development of radar by Sir Robert Watson-Watt 
himself. 

Finally it should be remembered that most public libraries 
are arranged on a classified system and that books on 
particular topics can usually be found by that means. 
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28, zOj 3®. 39. 4*5 44. 47. **4. 
183-6, 221 
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Brown, Samuel, 214 
Brunei, Sit Marc I„ 132 
Burdin, ioo 
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Canoe, z, 40 

Capitalist, capitalist industry, 70-1, 
73, 78, izo, 122, 146-7. iS8-g. See 
Monopolies 
Capstan, zz, 61, 89 
Carding machine, 81, 213 
Carpenter’s tools, carpentry. 1-2, 8, 
13, 2t-2, 47, 211. See Wood 
Cartels, 121, 141, 164, 174, 195, 198- 
204. See Monopolies 
Cartwright, Rev. Edmund, 8i, 
87, 214, Fig. 28 
Casselle, 159 
Cast iron, 48, 124-5, 183, 212 
Casting, 4. 5, 9, 13, 48, 131, i 43 . 

210, 213, Zip. See Die-caster 
Caterpillar track, 115-6, 149 
Caylbt, Sir George, rio-i 
ChafF-cuttet, 91 

Chain of pots, 32, 39, 61, Fig. 9 
Charcoal, 4, 6, 124 
China, 28, 43, 45-6. *09. ^n, 212 
Chisel, 2, 13, 22 
Chromium, 127 
Chronometer, 53, 75, 213 
Cigarette-making, ii8 
Cinematograph, 119, 162, 218; stereo- 
scopic, 161, 204. 219, 220; talking. 
160-t, 162, 218, 219 
Gre casting, 13, 210 
avilmtlon, rise of, 8-12, zo, 185, 
jgo 

Classes, dass divisions, 7, 11-12, 17- 

19, 20, 26, 27, 29, 36, 47. 99, iig- 

20, i6z, 183, 189, 190. 191. See 
Capitalist, Seifs, Slaves 

Claude, G.. 117, 154-I. *18 
Clement, 34 

aocks, u-u 52-3, 129. 130, 134, 
13s, 162, 212, Fig. 13 
Coal, 72, 140, 178, 202. See Coke, 
Gas, Mines, coal. Steam 
Coke, 125, 183, Z13 
Colt, Samuel, 122, 134, 213 
Combine harvester, 113, 140, 149, 
176, 180, 181, Z16, Fig. 35 
Combing machine, 81, 213 
Compass (shijj’a), 41, 119I aij 
Compressed air, 30, 117, 213 
Conveyor belt^roduction, 133-6, 218 
Cooke, James, 91 
Cooic^ Sit William F,, loi 
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Copper, 4-6, 8-14 passim, 19, 20, 70 
87, 210. See Btonze 
CoRT, Henry, 126, 214 
Cotton, 78-82, 87, 98, 181 
Cotton gin, 214 

Cotton-picking machine, 130-1, 195, 
197. “ 4 . 

Cotton-printing machine, 81, 213 
Crane, 22, 211 

Crank motion, 47, 56, 84, 89, ei 
Crompton, S., 79-80, 93, Fig. 27 
Crushing machinery, 24, 23, 39, 61, 
82, 2H, Fig. 20 
Ctesibius, 30 
CuDBiTT, William, 34 
Cdgnot, Nicholas, 97 
Cultivator, 216 
Cutting edges, 47, 124, 127 
Cyclometer, 30 
Cylinder, 73, 78, 86, 1^8-9 
Cylinder-boring machine, 128-9, 


Daimler, G., 107, 109, 217 
Darby, Abraham, 123, 183 
Dabby, firm of, 84, 86, 96 
Davy, Sir Humphry, ioo, 105 
De Caus, Solomon, 66 
De Forest, Lee, 112-5, 161, 219 
DeLa Rue, 103 
Democracy, 26, 47, 92 
Depression, economic, 120-1 
Die-caster, 156, 145 
Die-stamping, 133, 213 
Diesel engine, 90, xo8, 133, 136, 217, 
218 

Diesel, Rudolph, 108, 217, 218 
Digging-stick, z 
District beating, 148 
Ditdiing machinery, 130 
Division of labour, wsSpedalists 
Domestic machinery, loa, 119, 146, 
162 

Drainage machinery, 130 
Draw-loom, 43, 8i, an 
Dredge, 3* 

DriU, 3. x$, 14. 22. 47, 210 
Drilling machine, 136, 144 
Drop-forging, 133, 134. R13 
Dudley, Dud, 123 
Dunl{ip, John, 119, 217 
Duprez, Marcel, 104, 217 
Duralumin, iz8, zl8 
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Edison, TuoMAb A ,102, 103,119 
Egypt, ir^-2-pas^m, 28. 45. 192 
Electlicaic, 100, 103, 215 
Electiic bell, 21; 

Electnc furnace, 127, 136, 216 
Electric gcneiatoi, loi, 103, 105-6, 
126, 194, 215, 216, 217, Fig 33 
Electnc lighting, 100, loi, 102-3, 
198,201,215,217 
Electnc motoi, 100, 104 
Electnc powei, 96, loo, 102-4, 105- 
6, 107, 108, 1 18, 138-9, 140, 145- 

8. 154. 157. 16=“. 167. 178-9. 194. 

202, 213, 216, 217, combined 
heat-and powei, 148, 204, 220 
Oectric railways, 104, 202 
Electnc recording, 161, 219, 223 
Electric welding, 137, 217 
Electricity I'm ad/aceni bcadmgs and 
Ignition, ft-idai. Radio, Tele 
graph. Telephone, Vacuum deanet 
Electrolytic production of metals, 
127, 146, 217 

Elcctiomc devices, 102, 113, 144-5, 
159-60, 198, 218, 220, 224 
Engiaving machme, automatic, 144 
EiiicssoN, John, 90 
Escapement, 44, 33, 54, 212, 213 
Euleii, Leonard, too 
Evans, Olxvfr, 88 


Factories, 5, 26-7, 70, 71-2, 78, 80, 
82, 92-3, 102, 107, 119-20 
Faradav, MiciiArL, 100, 103, 
127 

Ferranti, Sebashan Zianide, 
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Fessenden, Reginald Aubrey, 
112, 160, 218 

Fite-arms, 52, 122, 133, 134, 137, 173, 
213 . 216 
Fireenglnfe 30 

Fisbmg bmhu, i 
FlTCfK, JOBiTk 88 
Flail, 2, 4 St, 9 ^, 1 ) 15 , 781 
Fla^haEyesl^, 

FEEMErid, Ste xt-i 

Flout milllag. 3*^, |7, 42, 58, 

84 , 87 , Rg. xor .fw 
Flyet (on ingipstifi^ f 6 i iij^ 

80 , 412, Pg, 14 « 1 ’ 

Fh nghc^, i 5 ^ lytHf, ^9 


Food gathenng, i 2, 8, 10 
Foice pump, 30, 61, 62, 21 1 
Ford, Henry, 116, 131, 135-6, 143 
Foigchammci, 39, 87, 100, 126, 132, 
133, 212, 213, Fig 37 
Folk, 21 

Foucaui I, J B L , 103 
Fourneyron, BjNOtr, 100 
Fowler, John, 114 
Fiance, 43, 33, 57, 62, 81, 89, 95-3, 
100, no, 133, 178 
Frank: IN, Blnjamin, 95 
Fulling, 57-9, 44, 211, Fig II 
Fulion, Roblri, 89, 95, 214 
Furnace, metallurgical, 4, 5, 126, 144, 
213, 214 See Blast fuinact, Elcc 
trie furnicL 

Gads, 19 

Galileo Galii fi, 34 
Gas engine, 107, 135, 215, 216 
Gas tuibine, 156-7, 220, Fig 49 
See Jtt-propulsion 
Gatling, Richard Jord in, 122 
Geai cutting, 136, 142 
Gearmg, 30, 32, 33-4, 38, 105, io6, 
194, Figs 9,10,13, 17, 21,23 
Germany, 43, 46, 48, 52, 58-62, 70, 
7t, 9t> 95. 96. 107. 108, 109, no, 
HI, 126, 127, 131, 140, 141-2, 151, 
152, 159. 165, 169, 170, 178, 199- 
zoo 

Gig-auU, 57-8, 71, 212 
Giffard, Henri, no 
Glass-blowing machme, 118 
Goodyear, Charles, 118 
Gouge, 2, 13, 22 

Government, see Classes, Legisla- 
tion, Social structuie, Wai 
Government action m technical 
matters, 54-6, 57, 70-}. 95. i°4. 
106, 112, 155, 137, 14°-I. 146-7. 
152, 163-79 paistm, 198-203 pas- 
sim. See previous heading 
Graham, George, 34 
Gramme, Zenobf Theophile, 216 
Gramophone, 119, 161, 162, 217, 
219, 223 

Greait Britain, 37, 40,r<t9. 54"5. 57. 
3'8, 6a, 66^8, 70-99 passun,, loi, 
wjj-ao pasant, nz, 114-9 /lorwar, 
135 . XiTAipusifin, 
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144-53 passim, 158-60, 162, 164-5, 
169, 171-4, 176-8, i8o, 182, 188, 
2OI-Z, 22 j 

Gieece, Gieeks, 17, 21, 22, 25-31, 34, 

36, 39, 40, 44, 180, 186 
Gtindeis, 134, 136, 137-8, 142, 213, 
216, 219 

Grinding, 24, 82, 133 !ee Quern 
Grindstones, 39, 212 
Guilds, 68, 70 

Gun powdti engine, 75, 106 
Gu ri NBi nr,, Johann, 46 
Gyio tiller, 149 50, 216, 219 

II sDFirtD, Sii Rom ui, 127 
Himmeis, 14, 17, 19, 22, 131 See 
Forge hammer. Steam hammer, 
Tilt-hammer, Trip hammer 
H AiroREASES, James, 79, 80, 93 
Iluness, 4, 7, 16, 34, 39, 58, 180, 210, 
211, 212, Figs 4, 6, 

Harpoon, i 

Harrison, John, 55 
Harrow, 13 1, 139 

Haymaking inachmeiy, 113, 148, 215, 

218 

Heat pump, 153 
Hlu man, Josuf, 81 
Helicopter, 138, 169, 170, 172, 180, 
220, Fig 46 
IltNEEiN, Pj tfr, 32 
Hero, 30-1, 105, Figs 7, 8 
Hertz, Heinrich Rodoef, 112 
Heal AN DT, 117 
Hoe, 2, 19, 21, 210 
Hor, Richard Marsh, 92 
Holl-uid, 54, J7, 66, 152 
Hoi awariii, 156 
Hooke, Robert, 54, 71 
Hornblowfr, J C, 88 
HoRROCKS, 81, 214 
Horse-shoe, 16, 39, 211 
Howi,Ei IAS, 119, 213 
Hunting, 1-2, b, 10 
Hun ISM AN, Bin; AMIN, 126 
Huygens, C, 34, 73, io6, 213 
Hydrauhe piess, 32, 126, 214 
Hydro tlecmc generation, loo, 104 

Ignitthn, eleetiic, 107 
Imperialism, ?2i, 122 3 
Indus valley, 4, 8, 12 
Industrial orgaftiaauon, 5-7, 11-12, 
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13. 23-7. 28, 34, 36-7, 42, 31, 68- 
72, 78, 80, 92, 99, 102, Iig-z2, 164, 
188 ^ee Capitalist, Cattels, Fac- 
tories, Government action, Mono 
polies 

Inspection, automatic, 144, 145 
Inteichangeable manuHctuic, 130, 

132-8, 175. 214 

Intctnal combustion engine, 73, 90, 
96, 106-9, III, 112, 115-4 126, 
136, 135. 156, 214 8 
Internal combustion turbine, 136-7, 
220, I ig 49 iee Jet-propulsion 
Iron, 20-33 passim, 36, 47, 48, 61, 62, 
84, 86, 88, 90, 96, 97, 124-7, J39> 
141, 178, 183, 186, 210 5 passim 
See Steel 

Iton Age, 17, zo-53, 186, 221 
Inigation, 4, 8, zo, 29, 32, 61 
Italy, 44, 45. 5°. Si-g, 34, 37. 112, 
169 See Roman Empire 
Iv ANOv, Semyon, 161 

Jacquard, J M, 8i, 214 
LiFERSON, Thomas, 93, 133 
et-piopulsion, 88, 169, 170, 172, 
173. 220, Fig 45 
Johnson, Thomas, 81 
Joy, J 1,135 

Jurgen, Johann, 56, Fig. 14 

KapiTea, Peter, 134-5, 220 
Kay, John, 78, 80, 81, 95 
Knife, I, 13, 21 

Knitting, knitting machine, 57, 71, 
93, 212, Fig 16 
Koenig, Frederick, 91 
Korn, Artiier, 159 

Lathe, 47, 129-30, 132,142, 212, 214, 

I automatic, 134, zi6. Figs 42, 45, 
capstan or turret, 133, 215, lor it- 
I regular turning, 153, 214. mandrel, 

, 129, 212, multt-spindle, 134, 217, 

photo-electric, 144, 143, screw- 
cutting, 129-30, 212, 213, Figs 
r 5 ®' 

Lauste, Eugeni, 160, 2x8 
LeBlanc, 133 
Lead, zio 

Lei, jg-ev. WxEEtAM, 37, 71 
Legislation, 98, 104, 108-9, 120, 
147, 198, aoo.zct.iw Government 
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Llkoir, Je\n Joseph fi., ii 6 
Leomardo da Vinci, 51-2, 56, 
57-8, 66, 80, 99, 110, Fig. 14 
LeRoy, Pierre, 55 
Lever, i, 14, 29 
Lift, 1 19 

Lilienthae brothers, in 
Linde, Carl, 116, 134-5, 216, 217 
Locks, 91, 119, 129 
Lock-gates, 41, 212 
Longitude, 33-5 

Loom, 3, 43, J2, 56-7, 70, 71, 78-9, 
BO-I, 82, 87, 93, 210, 211, 212, 
213, 214, 217, Figs. 13, 28 

McCormick, Cyrus H., 114, 215 
Machine wtecWng, 93, 119 
McKay, Gordon, 118 
Magnesium, 128, 145, 219 
Maize platiter,*2i5 
Mallet, I, 22 
Manganese, 127 
Manning, 215 

Marconi, Guglielmo, 112, 158 
Maritz, 128 
Mason, 80 

Mass production, 8, 26, 92, 95, 109, 
130-8, 142-3, 174-6, 213, 214, 224 
Match-making, 118 
Mattocks, 21' 

Mabdslay, Henry, 129-30, 132, 

Maxwell, Jambs Clerk, 112 
Meikle, And rev, 83, 91, 214 
Menzibs, Michael, 91, 117 
Mergbnthaler, Ottmar, 118 
Mesolithic age, i-a 
Mesopotamia, 4-13 passim, 18, 19, 20 
Meiab, metallurgy. Su Alloys, Alu- 
minium, Bellows, Blast, Blast fur- 
nace, Brass, Bronze, Cast iron, 
Casdag, Chromium. Copper, Blec- 
tdc futnac^ Electrolytic produc- 
tiox), For^hammer, Furnace^ 
Iron, LeaA Magnesiunv Man- 
gahese, Mi»e 8 > metalliferous, 
Niefcfll, NHrl^g, Platinum, 
Puddfing, RplllM ijillls, Silver, 
Smelting, SiM LRyTtingsten 
WaMe Ages, 3, 26. 29, 

J8, 48, 7fl^ m* MS, 

ijt, aof 


Miller, Patrick, 89, 214 
Milling machine, 133, 137-8, 214: 

universal, 154, 216, Fig. 40 
Mines, coal, 73, 73, 78, 84, 86, 87, 92, 
96. 97 . ” 7 - 8 . 151-4. 177. 179. 215, 
217; conveyors, n8, 151, 132, 177, 
218, 220; cutters, 92, 117-8, 151, 
152, 153, 177. 213, 216, 217, 2I8, 
220, Pig. 36, hydtaulic burster, 
IJ3, 218, 220, 223; hydro-mecha- 
nic^ mining, 133, 204, 220; 
loaders, 118, 153, 177, 218, 219, 
Fig. 44 ; undcrgiound gasification, 
153“4. 157. 220; undei ground 
transport, 152. Sit Cool 
Mines, drains^, 29, 32, 39, 58, 61-2, 
73-8, 84, 86, 87, Figs. 18, 21, 22 
Mines, metalliferous, 5, 8, 14, 19, 24, 
21, 27, 32, 39, 58-62, 70, 78, 86, 87, 
96, 210, Figs. 17-22 
Mines, railways at, 61, 96, 97, 212, 
Fig. 19 

Mines, winding, 19, 39, 58, 84, 87, 
Figs. 17, 18, 19 

Monopohes, 72, 121-2, 141-2, 139, 
161, 164, 174. 195. 19B-203 
Montgolfier brothers, no 
Moricb, Peter, 62 
Morse, Samuel, ioi 
Motor cal, 49, 96, 109, 111,126, 133- 
6, 142-3, 158, 162, 180, 196, 217, 
224. See Steam carriage 
•Mult-Au-Matic’, 134, Fig. 41 
Murdock, William, 88, 97 
Mushet, Robert F., 127, 216 


NaU-making, 13, 22, 62, 131, 2ii 
NapoleonBonaparte, 93 
Nasmyth, James, 126, Fig. 37 
Nationalization, 146-7, 152 
Needle, i, 13 

Needle-makmg machine, 71 
Neilson, Jambs Beaumont, 125 
NeoUthic age, 2-4, 6, 10, ii, 20, 47, 
i8i, 182, 183 

Newcomen, Thomas, 75-8, 213 

Nickel, 127 

Nipkow, Paul Gottlieb, ijp 
Nitridiag, 201 
North, Simeon, 13^ 

. Northror, 8i, 217 
Nuts Rad bolts, 47 
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Oilengine, 107-8, 155, 217 
Olds, R. E., i?5 
Oliver of Malmesbury, 109-10 
Organ, hydiaulic, 30, 31, Fig. 7 
Otis, E. G., 119 
Otto gas engines, 107, 21S 
'Over-production', 121, 130, 195-7, 
204-5 

Owen, Michael Joseph, 118 
Oxy-acetylene cutting, 116, 137, 142, 
143, 218 

Oxy-acetylene welding, 218 


Paddle, 2, 40, 88 
Paddle-wh^, 8g, 90 
Palaeolithic age, i, 10 
Paper-making, 45, 62, 71, 91, 181 
Papin, Denys, 73, 78, 106 
Parsons, Charles, 103-6, Fig. 33 
Paul, Lewis, 79, 81, Fig. 14 
Pedals, 43. See Treadle 
Pendulum, 32, 33, 34, 212, 213 
Fesde and moitar, 2, 24 
Petrol engine, 107, 108, 109, in, 
112, 116, 133, 216, 217 
PiiiLO of Byzantium, 30, 32 
Phonogiaph, iig, 217 
Fhoto-electiic cdl, 144-3, 139-60, 
198, 220, 224 
Pickard, Jaubs, 84 
Picks, 14, 21, 24 
Pin-making machine, 71, 131 
Pixii, Hippolyte, 215 
Plane, 22, 211 

Planing machine, 130, 132, 142, 214 
Planting machines, iiy, 176, 213, 224 
Piasdcs, 128, 143, 166, 224 
Platinum, 103 

Plough, 4, 7, 8, 9, 16, 17, 19, 20, 21, 
24, 42, 90, 95, 114, iij, 131, 139. 

148, 149, I81, 210, 211 , 212 , 215 

Pncumadc tyre, 119, 217 
PoLHBM,C., 126, 131, 213 
Pope, Albert Augustus, 119 
Porta, Giovanni Battista, 66 
Potato harvester, 113, 130, 176, Fig. 
48 

Potato planters, 113, 176 
Potatb slidqg machine, 91 
Pottery, 3, 8, 25, 26, 61, 82, 84, 87, 
210 
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Power (main leferences), 7, 24, 27, 
?r-S. 37-40. 41-2, 48-9, 62-8, 73- 
8, 82-8, 99-100, 102-8, 143-8, 
153-4. 155-7. 164-9. 180, Figs. 
6-11, 17, 18, 20-26, 29, 30, 33, 49. 
See also Animal power. Coal, Com- 
piessed air, Electricity, Gig-mill, 
Internal corabusdon engine. In- 
ternal combustion turbine, Jet- 
ptopulsion, Power loom. Steam, 
Tractoi, Treadmill, Water turbine, 
Water wheel, Wmdpowei 
Power-loom, 32, 80-1, 87, 93, Fig. z8 
Precision, development of, 91, 100, 
103, 128-30, 137 

Press, 25, 52, 126, 211, 214. See 
Printing 

Pries iMAN brothers, 107 
Printing, 43-7, 70, 81, 87, 91-2, 118, 
131, 144, 211, 2i2,.^i3, 215 
Production, restiiction of, 121, 141- 

2, 164. 174. 19I. 197. 198. 200 

Productivity, 8, 93, 94, 1 14, 132, 
138-9. 141, 132, 174, 175, 179. 
181, 182 

Puddhng, 123-6, 213, 214 
Pulley, 14, 22, 186, 211, Fig. 5 
Pulley block, 132 

Pumps, pumping machinery, 29, 30, 
32. 39. 52, 58-62, 66, 68, 73-8, 84, 
86-7, 128, 153, 211, 213, 214, Figs. 
9, 18, 21, 22, 23, 26, 29 
Pyramids, 13-14, 17, 19, 210 

Quality control, 173, 219, 220 
Quern, 2, 24, 210; rotaiy, 24, 32-4, 
186, 211. See Flour milling 
QuilUng, 44, 36, Figs. 12, 14 

Radar, 171-2, 220, Fig. 47 
Radcliffe, William, 81 
Radio, direction finding, 113, 218; 
picture telegraphy, 159, 218, 219; 
telegraph and tel^hone, 96, 102, 
112-3, 123, 131, 158-9, 162, 198, 
218, 2ig, 226. See Radar, Tele- 
vision 

Railways, 61, 96-9, loi, 103, 104, 
108, 125, 135. 157. 172, 180, 198, 
199, 201-2, 212, 214, 215, Pigs. 
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Ramelli, Agostino, 51, 52, 66 
Ramsey, William, 154 
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Razotb, 13, 201 

Reaming machine, automatic, 144 
Reaping knife, z. See Sickle 
Reaping machine, 114-5, 140. J 48 > 
149, 176, 180, i8i, 215, 216, 217 
Refrigeratota, 116-7, 154 -Si 1^2. 

216, 217, 218, 219, 220 
Rus, Phillipp, 101 
Relative invention tate, 185-8, 190- 
2, 204-5, 207-26, Figs. 51, 52 
Revolution, American, 94, 123 
Revolution, English, 72-3, 94, 188 
Revolution, French, 94, 95 
Revolution, Russian, 139-40 
Ribbon loom, 56-7, 71, 80, 93, 212, 
213, Fig. 15 
Roller bearings, 52 
Rolleis, 7, 14, 79, 80, 91, Fig. 14 
Rolling-mills, 39, 48, 83, 87, 126, 

131, 133. 144 212. 21?. 214 

Roman Enipiie, Romans, Rome, 17, 
21, 29, 33-7, 39, 40, 44, 114. 186, 
189, ms 

Root, Elisha K., 134 
Rudder, 17, 40-1, 212, Fig. 2 
Ruhmer, 160 
Rumsey, James, 88 
Rust brothers, ijo-i, 195, 197 
Rutheuford, Ernest Lord, 165 
Ryraers, 22 

Savages, savagery, 1-2, 10 
Savery, Thomas, 66, 68, 73, y'y, 
213, Fig. 2j 
Saw, I, 13, ai 
Sawnull, 35, 39, 42, 93, 21X 
Schneider, 127 

Science, 29, 33, 50, 168-9, ^ 9 °> ipU 
applied to mechanical invention, 
50-1, 83-4, 89, w-6, 99-100, 109, 
110, 111, 112, 160, 164, 165, 168-9, 
171, 173, 201-3 
Scraper, 1 

Screw-cutting, 129, 130, Fig. 39 
Screw of Atdiimedes, 29, 39, 02, 
Screw ptopdler (ship’s), 89, 90, 215 •, 
(aeroplane’s), 111, 158, 219, 220 
Scythes, 21 

Seed-eWa, 90-1, 93, 148, i 45 li *11 S 
Senp^cq, 1159 > 

Sttft, 9, u, 17, 37 

SeWMw iwwBWie, ti8, M9, 1 34, 215 
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Shearing machine, 81 
Shears, 21, zii 
Sheers, 22 

Ships, diesel propelled, 90, 108 ; iron 
and steel, 90, 125; miscellaneous, 
14, 24, 28, 29, 49, 72, S3, 103, 112, 
138, 172, 176; sailing, 4, 7, 8, 17, 
22, 32, 40-1, 88, 180, aiQ, Fig. 2; 
steam, 88-90, 95, 96, 180, 214, 215, 
Fig. 31; steering, 17, 40-1, 212, 
Fig. 2; turbine propelled, 90, 106, 
218. See Canoe, Chronometer, 
Compass, Longitude, Warships 
Shoe-making, 118 
Shores, C. L., 119 
Shovels, 21, 197 
Shuttle, flying, 78, 79, 81, 213 
Slclde, 2, 9, 21, 115, rSo, 181, 210, 
Fig. I 

Siemens, Sir William, 127 
Sikorsky, Igor I., 170 
Silk, twisting, 43-4, 57, 212 
Silver, 24, 210 
Skvorisov, B. P., 161 
Slaves, slavery, 9, ii, 17, 26, 27, 28, 
31. 34 . 36-7. 40. 41. 42, «*. 180, 
186, 189 

Sledge, 2, 7, 14, 43, Fig. 3 
Slide-rest, 129-30, 213 
Smeaton, John, 83, 84, 128, 129 
Smelting, 4-6, 20, 36. 48, 124-5, 183, 
210, 213 

Smith, Sir Francis Petti r, 90 
Social effects of technical changes, 
4. J. 6-7. 8-12. ^'>-1. M-6. a?. 40. 
41-2, 46-7, 48-9, 68-70, 71-3, 78. 
90, 92-4, 99, 102, 113, 116, 119-23, 
150-2, 167-9. 174, 181-2, 185-91, 
205-6 

Sociid structure, 7, 9-11, 17-19, 26, 
27, 34, 36-7, 68. 70-3, 119-22 
Social structure, its effects on techni- 
cal progress, 4, 11-12, 17-19, 22, 
27-9. 31. 34-J. 36-7, 43, 57, 6a, 
68-73, 92-3. 94-6, 98, 101, 108, 
109, 120-3, 139, 141-2, 143, 146-7, 
149, I3'>-1. 15a, 159, 161, i6z-3, 
164, 163, 167-8, 169, 171, 173, 
174, 18a, 183. 185-9, 194-206, 
225-6 ^ ^ 

Sound recording, magnetic, 161, 218, 
Z19, 223; on papet, 161. See 
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and Weapons 

War, American Qvil, 114, 122, 123 
War, American, of Independence, 
94. 1*3 

Wat of 1914-18, no, 112, 113, 113, 
122-3, 137-8, 140, 146, 157. ij8. 
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